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Sigoificant  advances  were  achieved  in  tunneling  hot  electron  amplifiers  and  in  the  understanding 
of  hot  dectron  transport  in  the  work  funded  by  the  contract  and  carried  out  by  M.  Heiblum  and 
his  co-workers.*  This  results  of  this  work  are  described  in  detail  in  nine  papers  that  have  been 
publidied  in  the  open  literature.  (These  papers  ate  listed  below  as  rdetenoes  1-9  and  copies  of  them 
ate  attached.)  This  report  summarizes  the  princ^Md  results. 

There  ate  three  aspects  of  the  work  in  which  the  results  are  particularly  noteworthy: 

1.  The  demonstration  of  the  first  hot  hole  tuimeling  transistor  and  its  use  to  study  hot  hole 
transport  in  GaAs, 

2.  The  successful  fabrication  of  a  hot  electron  'THETA'  transistor  with  a  psuedomorphic 
InGaAs  base  which  allowed  high  tranristor  gains  ~  30)  to  be  achieved,  and 

3.  The  conception  and  successful  fabrication  of  a  lateral  hot  electron  device  and  its  use  to 
investigate  ballistic,  hot  electron  transport  m  a  2-dimensional  electron  gas  in  GaAs. 


Hot  Hole  Tunneling  Transistor* 

The  first  operation  of  a  turmelling  hot  hole  transfer  amplifier  was  demonstrated  and  qKctroscopic 
evidence  of  ballistic  light  hole  transport  was  observed.  Li^t  holes  can  be  separated  from  the  ma¬ 
jority  of  the  heavy  ones  by  tunnelling  which  favors  the  li^t  holes  due  to  the  mass  difierence.  Thus, 
a  tunnelling  barrier  was  uWd  as  an  injector  of  light  hot  holes  into  a  p*type,  30nm-thick  GaAs  base 
layer.  Energy  spectroscopy  was  performed  at  the  exit  o'  the  layer  by  uring  a  46  nm  wide  AlGaAs 
coUector  barrier.  Narrow  energy  distributions  of  hot  holes  were  detected  with  width  of  about  35 
meV  and  with  peak  energies  corresponding  to  the  injection  enerpes  at  the  entrance  to  the  layer, 
confimung  ballistic  transport.  The  fiaction  of  the  holes  travelling  ballistically  (i.e.,  without  scat¬ 
tering  or  energy  loss)  is  about  10%  for  holes  injected  at  ener^es  180-220  meV,  suggesting  a  mfp  in 
2x10'*  cm~*  p-type  GaAs  of  about  14  nm.  This  is  about  three  times  smaller  than  the  mean  free 
path  of  electrons  in  n-type  GaAs  doped  to  the  same  level. 

By  applying  a  magnetic  field  perpendicular  to  the  direction  of  ballistic  hole  motion,  thus  deflecting 
the  holes  fiom  their  originai  straight  trajectories  via  the  Lorentz  force,  it  was  demonstrated  that  one 
can  estimate  the  efiective  mass  of  the  hot  holes  and  thus  their  velocity.  Analysis  of  the  data  uring 
a  rimple  model  suggests  that  the  ligiht  holes  injected  0.22  eV  below  the  top  of  the  valence  band  have 
a  mass  of  about  0. 15  where  is  the  fiee  electron  mass  (at  the  top  of  the  valance  band  their 
mass  would  be  about  0.082  m>),  and  a  group  velodty  of  about  6.5x10^  cm/sec.  This  value  is  lOx 
faster  than  that  of  heavy  holes  in  GaAs  and  approaching  the  value  of  ~  10x10^  cm/sec  for  hot 
electrons.  Hot  light-hole  THETA  devices  fliould  thus  have  performance  potential  ^proaching  that 
of  similar  hot  electron  devices. 


Hot  Electron  Transistor  with  Psuedomorphic  InGaAs  Base*  * 

An  AlGaAs/InGaAs/AlGaAs  pseudomorphic  base  structure  can  be  incorporated  in  the  THETA 
device.  The  use  of  the  strained  InGaAs  layer  as  the  base  material  increases  the  energy  separation 
between  conduction  band  F  and  L-valleys  of  the  base  region,  and  enables  the  use  of  a  lower  alu¬ 
minum  mole  fraction  in  the  AlGaAs  collector  barrier  for  the  same  base-collector  leakage  current. 
As  a  result,  two  factors  limiting  the  current  gain  in  THETA  device,  hot-electron  transfer  into  the 
L-valleys  in  the  base  and  scattering  of  hot-electrons  in  the  AlGaAs  collector  barrier,  can  be  reduced. 

Successful  fabrication  of  the  first  pseudomorphic  base  THETA  devices  was  achieved.  Ballistic 
electron  transport  was  observed  using  hot  election  spectroscopy.  From  collector  current  onsets  and 
activation  energy  measurements,  it  was  found  (assuming  nc  charge  in  the  AlGaAs)  that  the  con¬ 
duction  band  discontinuity,  A£U  between  strained  Ina.\sGaajisAs  and  Ak.isGekjBAs  increases  by  about 
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100  naeV  coii^Muml  to  that  of  the  GaAa  *  A%.uG€kM^s  interface.  Also  a  slight  decrease  in  the  cur¬ 
rent  gain  a  at  high  base-emitter  voltage  is  observed,  which  suggests  that  F-L  valley  energy  sepa¬ 
ration  in  I/h.tsG<kM^s  is  about  400  meV  compared  to  290  meV  in  GaAs. 

These  iiKreased  energies  result  in  significant  increases  in  transistor  gain:  Common  emitter  current 
gains  of  2S-30  at  77  K  and  3S-40  at  4.2  K  woe  obtained.  These  values  are  about  4x  higher  than 
in  devices  with  GaAs  bases  having  similaf  thickness  and  dofnng  amd  correspond  to  a  transfer  ratio 
in  a  common  base  operation  of  about  0.97,  suggesting  that  a  very  large  fraction  of  the  electrons 
traverse  the  device  with  n^Ugibk  energy  loss.  This  is  a  signifkant  advance  since  these  gains  are 
reaching  the  range  that  would  be  needed  for  i»actical  devices. 


Lateral  BaMstie  EJectron  Thuisistor*  * 

The  first  lateral  ballistic  hjt  electron  tranastors  have  been  constructed.  In  these  devices,  transport 
occurs  in  the  plane  of  a  hi^  mobility  two  dimenaonal  electron  gas  (2  DEG)  at  a  GaAs/AlGaAs 
heterojunction.  The  device  is  formed  by  the  depoation  of  two  metal  gates,  SO  nm  long,  and  O.S 
microns  wide,  separated  by  50  nm  on  the  surface  over  the  2DEG.  With  an  applied  native  voltage 
to  both  gates  with  respect  to  the  2DEG,  the  electron  denaty  underneath  the  two  gates  is  reduced 
to  zero  and  two  potential  barriers  are  induced.  The  two  tMuriers  separate  the  2DEG  into  three 
different  repons:  an  emitter,  base  (center  r^on),  and  collector  to  vdiich  separate  ohmic  contacts 
are  made.  The  emitter  barrier,  separating  the  emitter  from  the  base,  is  used  as  a  tunnelling  injector 
of  a  quaa  monoenergetic  beam  of  hot  electrons.  The  hot  electrons,  with  excess  energy  of  30- 100 
meV  above  the  Fermi  level  traverse  the  base  (in  the  plane  of  the  2  DEG)  and  surmount  the  second 
induced  barrier,  the  collector  barrier,  to  be  collected.  The  principles  of  operation  are  the  same  as 
for  the  vertical  THETA  device  but,  the  lateral  device  is  easier  to  make  and  very  flexible  in  its  op¬ 
eration.  For  example,  ohmic  contacts  to  the  base  can  be  readily  made  and  the  gates  enable  the 
potential  barriers  to  be  adjusted  to  optimize  the  operation  of  the  device.  Lateral  devices  also  offer 
some  new  device  possilnlities:  For  exanq>le,  it  should  be  posable  to  steer  electrons  in  the  plane 
of  the  2DEG  and  to  integrate  lateral  hot  electron  devices  with  conventional  HFET  structures. 


Several  types  of  lateral  devices  were  fabricated.  They  were  used  to  verify  the  turmelling  behavior 
of  the  injector,  to  investigate  the  sensitivity  of  the  current  transfer  ratio  a  to  the  design  of  the  emitter 
and  collector  gates,  and  to  carry  out  electron  energy  spectroscopy  experiments  in  order  to  investi¬ 
gate  the  conditions  under  which  ballistic  transport  can  occur.  From  the  lattermost,  phonon  scat¬ 
tering  was  found  to  be  the  primary  scattering  mechanism  in  these  devices.  At  base  lengths  of 
1pm  (significantly  greater  than  the  mean-fiee-path  for  phonon  scattering  in  GaAs),  the 
spectroscopy  results  show  clear  evidence  of  phonon  scattering  at  multiples  of  3^eV  (the  phonon 
energy  in  GaAs).  For  tranastors  with  a  base  length  of  220  nm  (approximately  equal  to  the  mfp), 
electron  transport  was  shown  to  occur  without  electron  scattning,  i.e.,  it  was  mainly  ballistic.  For 
devices  of  this  base  length  having  gate  electrodes  deagned  for  gain  improvement,  it  was  possiMeto 
achieve  very  high  current  gains  -  as  huge  as  a  =  0.99  =  100)  at  4.2K.  I  Accesion  Fc 


riTis  CRaa,i 
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#  Note:  M.  Heiblum  no  longer  works  for  IBM.  C  J.  Kircher  was  his  manager  during  much  of  the 
contract  period. 
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ObMrmtioB  of  BalUstk  Hoks 

M.  Hetblum/'^  K.  Seo,*'*  H.  P.  Mckr.^^  and  T.  W.  Hkkmott''’ 

Raaetuvk  Diotikm,  T.  J.  Wattom  tUuareh  Ctmtr.  Yerktowfi  Htiglus.  New  York  10598 
Xesearek  Divisloii.  Zurkk  Riseorek  Labonuory,  8803  RuteUUkoo.  SwiuerUmd 
(lUnM  13  Nowmbtt  IM7) 


Wc  report  the  lint  direct  obeervatioa  of  belUstk  hole  treoiport  in  teaucoodecton,  via  energy  epectroe- 
eopy  experimeati.  Light  holei  are  pieeelected  and  ipjected  via  tuaneliag  into  31*ani*thkkp''’'GaAs  lay- 
en.  About  10%  of  the  iajeeted  b^  have  been  foiuMi  to  travel  m«iiir«iiiiin  ^gtributioni 

»35  meV  wide,  with  a  OMoa  free  path  of  about  14  rat  Retoaaacee  ia  the  ugectioa  carreats,  rcsalUag 
fren  quaatuia  iaterfereaoe  effects  it  the  holes,  are  used  to  support  the  light  oatnrc  of  the  bellis- 

tichol^ 

PACSeamberK  72.2aJv.  7I.23.Tb,  73.40.Ok 


Ballistic  tranqmt  of  carriers  in  stdids  was  previoasly 
inferred  via  a  variety  of  indirect  tedmiques.*'^  Recent 
ene^  spectroscopy  experiments  in  GaAs  have  demon¬ 
strated  directly  the  existence  of  ballistic  electrons^  how¬ 
ever,  hotes  were  never  directly  observed  to  be  transported 
ballktkally.  In  GaAs  there  are  two  vaknoe  ban^^  a 
light-hok  band  containing  about  S%  of  the  total  hok 
population,  with  a  curvature  effective  mass  mm 
*0.082m,,  where  m,  is  the  free-electron  mass,  and  a 
heavy^iok  band  with  mu*0.51otr.  Since  the  mean 
free  path  (mfp)  is  approximately  proportional  to  the  in¬ 
verse  of  the  mass,  balUstk  transport  heavy  holes  is  on- 
likeiy  in  (nactkal  structures.  In  order  to  look  for  ballis- 
tk  hok  tranqiort  we  have  used  a  tunnel  barrier,  whidi 
hu  large  transmissko  for  li^t  hoks,  iqjecting  wi30- 
meV-wide  energy  distributions  of  light  hoks  into  heavUy 
doped p'*‘-GaAs  layers,  31  nm  thidc.  With  spectroscopy 
performed  after  traversal,  we  have  measured  siniilar  dis¬ 
tribution  widths  and  peak  energies,  with  about  10%  of 
the  hoks  being  ballistic.  The  ballis^  transport  and  the 
light  nature  of  the  holes  are  supported  by  the  observation 
of  resonances  in  the  injectkm  currents  due  to  quantum 
interference  effects  of  the  ballistk  li^  hoks  in  the  thin 
GaAskyers.* 

Experiments  were  done  with  a  novd  three-terminal 
structure  (hot-hok  transistor)  grown  by  mokcular-beam 
epitaxy  oatp*  (100)  GaAs  substrate,  described  ia  Fig. 
1.  A  tunnd  injector,  composed  of  a  p'*'-GaAs  byer 
(caOed  emitter),  an  mtrinsk  AlxGai-.As  barrier  byer 
with  x'*0.5  (12  am  thick),  and  a  p*’GmA»  byrn  Ol 
nm  thidc,  called  base),  was  used  to  select  and  bject  light 
hoks.  When  biased  Vbm  it  mjected  a  quarimonoen- 
ergetk  dktribation  of  li^t  hot  hoks  (w>30  nmY  wide), 
favored  by  the  tunneling  process  (by  a  fador  of  ^10^), 
with  most  hoks  emerging  into  the  base  byer  with  mtcess 
energy  near  ePaa.  The  31-nm  base  byer  was  terminated 
with  a  spectrometer  made  of  a  rebtivefy  thick,  mtrinsk 
AlyGai-.,As  byer  with  y*0.31  (47  am  tbi^  called 
coOector  barrier),  followed  by  a  thick  p'*’-OaAs  byer 
(called  collector).  The  AlAs  mok  fraction  m  the  oolkc- 


tor  barrier  was  linearly  graded  down  to  y  "*0.17  over  6 
nm  on  the  base  side  to  minimiie  the  quantum-mechan- 
kal  rdkctkns.  The  GbAs  byers  were  doped  with  accep¬ 
tors  (Be)  to  a  level  of  1.6x10”  cm~^  The  structure 
was  selectively  etched  to  expose  the  base  byer,  and  al¬ 
loyed  Ohmk  contacts  were  made  to  the  emitter,  base, 
a^  collector  byers. 

Arriving  hok  distributkos  were  analyzed  by  the  thick 
AKiaAs  spectrometer  barrier.  Upon  the  ^pplkmtion  of  a 
potential  difference,  Kos,  the  potntial  beii^t  of  the  ctd- 
kctor  barrier,  Oc,  chan^  affecting  the  collected  cur¬ 
rent  density /c  "■e/u^RGFx)ux(ffx)d!ffj.*  where  r  is  the 
ekctronk  diarge,  and  h(£x)  k  the  number  of  holes  per 
unit  normal  eaforgy,  an  energy  associated  with  the  nor¬ 
mal  component  of  tte  velocity,  ex(ffx)>  Tbenmmalen- 
txty  didributko  can  be  found  from  ePx(Ex)n(Ex) 
“d/c/d^c*  or 

Px(ff  A)»(ffx)*4  ~*>?”*d/c/d»cs, 
where  l)■■e~'d•c/dPci  b  a  proportknality  factor.  If 


Hole 

Energy 


FIG.  1.  Valeaoe  band  b  the  hot-hole  transistor  with  hole 
energy  plotted  upward.  The  tunnd  injector  and  spectrometer 
barrien  have  AlAs  mde  fractkns  of  0.S  and  0.31,  respectivdy. 
The  collector  te  shown  biased  negativdy.  The  emitter,  basA 
and  collector  are p^-GaAs  doped  to  a  kvd  of  1.6x  10"  cm~’. 
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our  graded  barrier  were  ideal,  for  Kcb>0  we  would 
have  QWi  1  (with  peak  pMeatial  at  collector  tide),  and  fix 
I^cb  <0.  ir  ^0.13  (with  peak  6  nm  away  from  the 
base  side).  However,  tome  terrier  parameters  such  at 
the  density  ot  any  unintentional  charges,^  the  extent 
of  acceptor  (Be)  segregation  fran  the  cidlector,*  are  im- 
pwtant  and  difficult  to  determine  accurately.  Thus,  a 
study  oi  the  spectrometer  barrier,  leading  to  the  actual 
•c  end  fit  has  to  be  done. 

This  study  is  done,  with  our  hot-hole  transistor  struc¬ 
ture,  by  our  finding  a  low-temperature  threshold  injec¬ 
tion  voltage.  Fit,  for  some  Vcb,  for  which  an  onset  in 
the  colIectOT  current  occurs.  Then  the  Fermi  level  in  the 
emitter  is  at  the  same  height  as  the  peak  potential  of  the 


(b) 

FIG.  2.  (a)  CoUector-current  onsets  for  different  Kes,  and 
an  example  of  determining  the  threshoM  eKis  for  Kcs~0. 
Note  the  very  small  currents  rising  from  the  noise  line,  (b) 
and  the  derivative  q  as  functions  of  Fes.  Also  plotted  are  the 
barrier  heights  from  separate  measurements  of  activatioo  ener¬ 
gy  for  thermionic  emission  (for  Fcs>0  (<0)  the  barrier  b 
that  for  htdes  in  the  collector  (base)l.  Inset:  A  probable 
collector-barrier  shape. 


collector  barrier,  and  some  balltek  boles  can  graze  and 
pass  the  top  of  the  barrier.*  More  accurately,  the 
collector-barrier  height  is  Oc~eF|ff  {j-f  d,  where 
is  the  Fermi  energy  in  the  base  (Fig.  I),  ami  d^lO>% 
meV  is  a  correction  due  to  holes  tunneling  smnewhat 
betow  the  barrier  top.  The  results  of  sudi  experiments, 
done  at  high  current  sensitivities,  are  seen  in  Fig.  2(a). 
From  here,  with  neglect  of  5,  the  ctdlector-barrier  height 
above  the  Fermi  level  in  the  base,  Oc^eFf#,  is  plotted 
in  Fig.  2(b).  With  no  bias  apidied  Oc~170  meV  and 
meV  f<H’  our  doping,  and  thus  ^c~179  meV-f  d, 
a  value  higher  by  at  least  20  meV  than  the  published 
band-discontinuity  values. This  difierence  is  most 
probably  related  to  unintentional  positive  charges  in  the 
barrier,  which  we  address  below. 

Figure  2(b)  also  gives  the  calculated  q,  which  together 
with  Oc  is  sufficient  for  the  analysis  of  our  spectroscopy 
experiments;  however,  the  study  of  end  q  in  some  de¬ 
tail  gives  us  a  physical  insight  of  the  barrier  diape,  as  re¬ 
lated  to  actual  terrier  parameters.  In  the  range  —SO 
mV  <  Fca  <  SO  mV,  q  *0.4,  suggesting  a  barrier  peak 
at  some  0.4x47  nm"'19  nm  away  from  the  base  side. 
This,  and  the  increase  in  the  barrier  height  fitun  the 
value  given  in  Ref.  10  (seen  above),  can  result  from 
unintentional  positive  charges  in  the  barrier,  charges 
which  we  independently  measured."  One  can  also  see 
that  q  approaches  unity  only  at  large  positive  Fes,  so 
effect  that  can  be  attributed  to  barrier  lowering  on  the 
odlector  side,  most  prtteibly  due  to  Be  segregation  into 
the  barrier  during  growth.'  This  was  verified  by  mea¬ 
surement  of  activatiem  energies  for  thermionic  emission, 
with  results  given  in  Fig.  2(b)."  The  method  proved 
credible  as  seen  from  the  good  agreement  between  the 
activation  energy  results  for  Fes^O,  and  deter¬ 
mined  from  the  freehold  measurements.  For  large  posi¬ 
tive  Vcb  we  find  a  rather  low  barrier  height  on  the  col¬ 
lector  side,  ^c~{c^90  meV.  From  these  results  a 
more  realistic  shape  of  the  collector  barrier  is  shown  in 
the  inset  in  Fig.  2(b).  This  barrier  has  a  potential  peak 
that  moves  from  near  the  base  side  to  the  collector  side 
as  Vcb  increases. 

Spectroscq^  was  done  by  the  measurement,  at  4.2  K. 
of  the  ciffiector  current  Ic  versus  the  collector  voltage 
Vcb,  nt  different  injection  voltages  Ff#  [Fig.  3(a)].  The 
current  rises  steeply  up  to  a  knee  where  the  slope  clearly 
changes.  The  hde  energy  distributions,  shown  in  Fig. 
3(b),  are  derived  by  the  division  of  the  dIcldVcB  curves 
by  the  q  determined  above,  and  the  conversion  of  the 
Ixmzontal  scale  to  excess  normal  energy  above  (e  (with 
use  of  Fig.  2(b)].  A  few  intermting  features  can  be  no¬ 
ticed.  For  injection  energies  in  the  range  190>2I0  meV, 
a  clear  ballistic  behavior  is  observed.  The  distributions 
are  extremely  sharp  with  widths  at  half  maximum  of 
^35  meV,  and  peaks  tracking  exactly  the  injection  ener- 
gyt  dVEB  (10  meV  apart).  At  the  lower-energy  end,  de¬ 
caying  tails  of  distributions,  peaking  somewhere  closer  to 
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FIG.  3.  (a)  CoBoctor  cttimt  /c  vi  fpectrometer  voitafc 
Far,  for  different  iajectioa  vohafes  Kg*,  (b)  Hole  energy  dis- 
tribntioot  deduced  froin  the  above  Ic—Ycm  curm  and  the  i| 
given  in  Hg.  2(b).  Ballistic  peaks  are  seen  for  Kn—190, 200, 
and  210  mV.  For  lower  Vu*  upper  energy  tails  of  noobdiistic 
hole  distribiitioos  arc  dominant 


the  base  Fermi  levd,  are  seen,  masking  the  eorrespoad* 
iag  hnvm  energy  ballistic  peaks.  These  tails  are  likely  to 
origiBate  from  boles  exdted  op  from  the  equilibrium 
bole  population  in  the  base.'^  For  eKct> 220  meV, 
peaks  do  not  shift  in  energy  any  mme,  as  the  spectrome¬ 
ter  potential  peak  moves  rap^  toward  the  coUectm 
side.  Then  holes,  most  probably,  cannot  traverse  ballisti- 
cally  the  full  width  tff*  tte  AlGaAs  barrier  against  a  rela¬ 
tive  strong  retarding  electric  field,  resulting  in  a  drq;i 
of  die  otdlector  current  and  in  an  artificial  peak  in 
dtddVcB- 

The  observed  bote  distributions  are  narrower  by  a  fac¬ 
tor  of  2  compared  with  those  of  ballistic  electrons  mea- 


FIG.  4.  Solid  curves  are  the  derivative  of  the  logarithm  of 
the  injected  cnnent  Qii^-fiequency  oscillations  at  the  low  Ft» 
ate  due  to  noise).  As  the  collector  voltages  dianges  from  posi¬ 
tive  to  negative,  fewer  bound  states  are  visiMe.  The  dotted  line 
adtgldVu  for  Fcs^Ot  showing  the  lower-energy  resonances. 


sured  by  a  similar  tedmique.*  This  is  due  to  the  nar¬ 
rows  supply  function  in  the  emitter  being  determined  by  ; 
the  heavy  hdes:  (ir+band  bending  (calculated  dassical- 
fy)wi27  meV  for  K£n~200  mV.  The  small  displace¬ 
ment  in  the  peak  positions  below  the  Fermi  level  in  the  . 
emitter  is  fuUy  accounted  fm  when  we  note  that  the  in-  , 
jected  distribution  «(£x)— (£F“£x)f)(Ex)  at  0  K, 
where  DiEi)  is  the  one-dimen»ooal  tunneling  probabtl-  r 
ity,  peaks  some  IS  meV  below  and  that  the  actual  , 
»  higher  by  d  than  the  one  used  in  Fig.  3(b).  The 
above  results  are  consistent  with  ballistic  transport  the  I 
narrow  distributioas.  Integrating  the  area  um^  the  dis-  | 
tributions,  we  find  that  8%-ll%  of  the  injected  hde 
current  is  ballistic,  with  a  calculated  mfp^l4  nm  (by  | 
uae(ff0.1w>e]v(-31/mfp)l.  [ 

Even  though  it  is  highly  likely  that  the  observed  ballis¬ 
tic  holes  are  li^t,  the  qiectroscc^  measutemoits  de¬ 
scribed  above  are  not  sufficient  to  prove  it  Qmfirmatioo  : 
is  provided  by  the  analysis  of  strong  rescmances  resulting 
from  hole  interfmence  effects,  observed  in  the  injection  I 
tunneling  currents,  at  certain  energies  that  are  particu-  | 
lariy  sensitive  to  tte  effective  mass  of  the  holes.*  These  ; 
resonances  ate  due  to  a  faster  increase  in  the  injection  ■ 
current  whenever  the  Fermi  level  in  the  emitter  crosses  1 
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te  kotton  of  a  qiusi*2D  hole  band  formed  ia  the  bare. 
Hfare  4  abows  the  deiivathres  d(iiJg)/dVu  ~~  Via.  for 
iffereat  Kca-  As  loeg  u  rKct  :S  *troag  oedllatioiu 
ia  the  derivative  are  observed  because  the  participating 
2D  states  are  stroagly  bound.  However,  when  eVgg 
>^,  the  osdUatKMis  are  due  to  the  less  confined  (virtu* 
aU  states,  and  thus  weaker.  As  seen  in  Fig.  4,  when  the 
ooBector  voltage  dianges  from  positive  (high  Oc)  to  neg¬ 
ative  dow  Oc>  values,  the  topmost  bound  sUtes  gradual¬ 
ly  become  virtual,  and  the  corresponding  oscUlatimu  get 
weaker.*  The  obmrvation  of  the  peaks  due  to  interfer- 
cace  effects  confirm  the  ballistic  transpmt  of  the  hdes. 

In  order  to  find  the  corresponding  ballistk-lKde  mass, 
we  have  estimated  the  positions  of  the  bound  light-hole 
states  in  a  symmetric  square  well,  31  nm  wide  and  200 
meV  deep.  Obviously  t^  is  a  gross  simplification  since 
it  ignores  the  exact  potential  distribution  in  the  base  and 
the  nonparabolidty  effects  of  the  hde  band;  however,  it 
distinctly  shows  the  nature  of  the  ballistic  holes.  For 
mii"*0.082m(,  we  find  bound  kvek  at  3,  IS,  3S,  62, 97, 
138,  and  182  meV.'*  From  Fig.  4,  for  Kc»"0,  the  ob¬ 
serve  bound  peak  positions  including  Cs  at  41,  72, 
102,  133,  and  168  meV,  agreeing  well  with  the  calcula- 
(the  first  two  calculated  levels  are  not  seen  since 
they  are  just  at  or  below  the  Fermi  level).  Note  that  at 
«iigrfigt  higher  than  100  meV  the  well  widens  and  ntm- 
parabolicity  increases  the  light-hole  effective  mass,* 
causing  the  last  two  observed  peaks  to  be  at  somewhat 
lower  enerpes.  For  comparison,  heavy  holes  with 
mift*0.Slin,  would  have  sixteen  bound  states  in  the 
base,  cxduding  them  fran  the  observed  transport 

In  summary,  our  results  show,  for  the  first  time, 
aaambiguous  spectroscopic  observation  of  ballistic 
li^-hde  transport  in  GaAs.  Ballistic  hole  distributions, 
3S  meV  wide,  with  a  mean  free  path  of  about  14  nm, 
have  been  measured.  Lower  energy  distributions,  that 
night  be  due  to  excited  holes  from  the  Fermi  bath,  are 
observed  too.  (Quantum  interference  effects  in  the  thin 
transport  r^ions  provide  added  evidence  for  the  ballistic 
tiaaqwrt 

We  thank  L.  F.  Alexander  and  C.  Lanza  for  their 
technical  help.  We  also  thank  E  E  Mendez  and  A  C. 
Warren  fm  their  help  in  some  of  the  calculations,  and 


J.  Batey,  M.  V.  Rschetti,  A  B.  Fowler.  S.  P.  Kdler, 
C  3.  Kircher.  and  F.  &em  for  their  oommenu  on  the 
manuscript  This  work  was  partly  nipported  by  the  U.S. 
Ddense  Advanced  Researdi  Projects  Agency  and  ad¬ 
ministered  by  the  U.S.  Oflke  of  Naval  Research  Con¬ 
tract  No.  N00014-87-C-0709. 


'R.  J.  von  Gutfeld  and  A.  H.  Netbeioot  Jr..  Phys.  Rev.  Lett. 
18. 8SS  (1967). 

^L.  F.  R.  Stall.  O.  Woodard.  N.  Dandekar.  C.  E 

C  Wood.  M.  Shur.  and  K.  Board,  Electron.  Lett  16,  525 
(1980). 

>R.  Trzdntki,  E  Gmdin.  and  H.  J.  Queisser,  Phys.  Rev.  B 
38,6373  (1987). 

^M.  HeiUiun,  M.  1.  Nathan,  D.  C.  Thomas,  and  C.  M. 
Knoedler,  Phys.  Rev.  Lett  55. 2200  (1985);  M.  Heiblum,  I.  M. 
Anderson,  and  C.  M.  Knoedler,  Ap(d.  Phys.  Lett  49.  207 
(1986). 

>J.  C.  Blakemore,  J.  Appl.  Phys.  53,  R123  (1982). 

*M.  Heiblum,  M.  V.  Fiachetti,  W.  P.  Dumke,  D.  J.  Frank, 
1.  M.  Anderson.  C.  M.  Knoedler,  and  E  Osterling,  Phys.  Rev. 
Lett  58. 816  (1987). 

’T.  W.  Hickmott  P.  M.  Solomon,  R,  Fischer,  and  H.  Mor- 
ko(.  J.  AppL  Phys.  57, 2844  (1985). 

*D.  L  Miller  and  P.  M.  Asbedc,  J.  AppL  Phys.  57,  1816 
(1985). 

*We  may  assume  that  some  ballistic  holes,  few  as  they  may 
be,  always  exist  ia  the  structure.  We  later  prove  tb^  ex* 
wtenoe  and  find  theit  number  from  spectroscopy  measure¬ 
ments. 

>*J.  Batey  and  S.  L  Wright,  J.  AppL  Phys.  59.  200  (1986). 
The  valence-band  discontinuity  A£i'**5.5x,  where  x  is  the 
AlAs  mole  percentage.  For  our  AKJaAs  collector  barrier, 
x“31%and  A£r“171  meV. 

'iCapacHanoe  measurementt  done  on  separate  p'^-intrinsic 
AlCaAt-p~  structures  show  a  vohage  sWt  in  the  Bat-band 
condition  consistent  with  positive  charges  in  the  barrier  in  the 
low  I0'*-cm~*  range. 

'^Similar  low^nergy  electron  distributions  had  been  repmted 
by  A  F.  J.  Levi,  J.  R.  Hayes,  P.  M.  Platzman,  and  W.  Wieg- 
mann,  Phys.  Rev.  Lett.  55, 2071  (1985). 

>3M.  Heiblum,  Solid-Sute  Electron.  24. 343  (1981). 

‘*For  31-nm  base  thicknest,  light-  and  heavy-band  mixing  at 
k**0  is  insignificanL  See,  for  exam^  S.  Brand  and  D.  T. 
Hughes,  Semkond.  ScL  TedinoL  2, 1607  (1987). 


831 


HIgh-ifiobllity  inverted  selectively  doped  heterojunctions 

HadM  Shtrikrnan,**M.  H6iblum.K.  Seo.O.E.  Gatt)i.andL  Osteritaig 

UK  TkomatJ.  WataouXtuarckCmur,  YoHUoumHeigha,  New  York  10598 

(Received  SSq>tanber  1987;  accepted  UDeember  1987) 

We  bave  used  redectioii  high-energy  eketroo  difiractioo  (RHEED).  to  rtudy  the  Burfwe  recovety 
of  AlOaAs  under  different  OHiditknis.  A  modified  process  for  growth  interruptions  was  then 
introduced,  where  a  OaAs  moimlayer  was  grown  at  each  growth  sb^  and  the  arsenic  flux  was 
tamed  off  during  the  low>temperature  phase  of  growth  interruptions.  Selectivdy  d(q)ed  inverted 
heterogunctioiis  were  grown  using  the  modified  growth  interruptions  together  with  low-growth 
temperature  (to  avoid  S  and  impurity  a^regatkm).  This  combined  process  gave  reproducible 
demron  mobilities  as  high  as460  (X)0cm^/V  s  with  sheet  carrier  concentration  of  2x  10"  cm~^ 
at4.2K. 


Much  attentioa  has  been  focused  on  investigating  the  differ¬ 
ences  between  normal  and  inverted  sdectivdy  doped  OaAs- 
GaAlAs  heterojunctions.  In  the  normal  structures  the 
doped  AKSaAs  layer  is  grown  on  t<q>  of  the  undoped  OaAs 
layer,  and  thus  the  two-dimensk»al  dectron  gas  (2-DEG) 
is  formed  at  the  edge  ofthe  undoped  OaAs  layer.  In  the 
inverted  structures  the  undoped  OaAs  layer  is  grown  on  top 
of  the  AlOaAs  layer,  so  that  the  2-DEO  is  formed  in  the 
OaAs  ri^t  on  t(q>  of  the  AlOaAs  layer. 

The  infietior  1^-temperature  dectron  mobilities  of  in¬ 
verted  structures,  always  bdow  100  (XX)  cm^/V  s'*^  (com¬ 
pared  with  values  as  hi^  as  S  X 10^  cm^/V  s^  for  the  normal 
structures),  were  attributed  to  result  from  two  main  prob¬ 
lems:  dopant  (usua%  Si)  and  impurity  segregation  from  the 
AlOaAs  into  the  OaAs-AlOaAs  interface,  and  the  OaAs- 
AlOaAs  interfooe  roughness.  However,  the  inverted  struc¬ 
tures  have  advantages  fm*  some  applications  due  to  the  easier 
formation  of  Ohmic  contacts  and  the  better  electried  isola- 
tion  of  the  2-DEO  from  the  substrate.  The  growth  of  high- 
quality  inverted  interfaces  is  especially  important  for  achiev¬ 
ing  good  quality  quantum  w^  and  superiattioe  structures 
(as  they  are  oomi»ised  (ff  an  equal  number  of  normal  and 
inverted  interfaces). 

Past  attempts  to  sdve  this  problem  did  not  lead  to  repro- 
dudUeresnltsand  were  only  marginally  successful.  Sis^re- 
gatkm  was  reduced  by  udng  low-growth  temperatures,^ 
which  in  turn  dictated  the  use  of  low-growth  rates  in  order  to 
maintain  a  good  crystalline  quality.  An  attempt  to  improve 
tlM  interface  smootimess  was  dme  by  reducing  the  A1  mole 
firaetkm.’ The  best  reported  mobilities  for  the  mverted  struc¬ 
ture  were  achieved  introducing  a  short  superiattioe  in  the 
AlOaAs  bdow  the  2-DEO,  which  was  believed  to  reduce 
impurity  movement  and  improve  the  surface  smoothness.* 
However,  these  results  were  never  further  confirmed. 

The  inqwrtant  rde  of  including  short  superiattices  and 
performing  growth  interruptions  in  obtaining  high-quality 
epitaxial  hqrers  and  smooth  interfaces  by  molecular-beam 
eintaxy  (MBE)  has  already  been  recognked.’’'*  It  has  been 
related  both  to  smfooe  smoothing  processes’  fodlitated  by 
the  surface  migration  of  the  atoms  and  to  impurities  getter- 
ing  at  the  interfooes.*’ 

We  have  first  tackled  the  problem  (ff  improving  the  quali¬ 
ty  of  inverted  heterojunctions  by  applying  growth  intemip- 
tions  in  order  to  improve  the  quality  of  the  AlOaAs  layers. 


Using  reflection  high-energy  electron  diffraction  (RHEED) 
inteitsity  measurements  we  have  (^>timized  the  conditiou 
for  periodic  interruptions  during  the  growth  of  AlOaAs  lay¬ 
ers.  We  thus  combined  periodic  growth  interruptions  with 
low-growth  temperature  in  the  doped  AlOaAs  rqion  (to 
avoid  Si  segregation)  to  give,  for  the  first  time,  a  reproduc¬ 
ible  procedure  for  growing  high-mobility  sdectivdy  doped 
single  inverted  heterojunctions.  Electron  mobilities  as  ht|h 
as  460  OCX)  cm^/V  s  were  measured  at  4.2  K  with  dectraa 
concentration  of  2X 10"  cm~^ 

The  layers  were  grown  in  RISER  KXX)-!  system  under 
arsenic  stabilized  ctmditions.  The  intensity  of  the  qiecular 
reflectitm  in  the  RHEED  pattern  of  a  (100)-c(2x4)  As- 
stablereconstructedsorface,withthebeaminthe(110)azi- 
muth  was  monitored  as  a  function  eff  time  at  different  rou^ 
ening  and  recovery  conditions.  The  intensity  of  the  RHEED 
pattern  was  recorded  in  the  conventional  way  using  an  opti¬ 
cal  fiber  and  an  amplifying  systenL* 

The  RHEED  intensity  time  evolution  clearly  shows  thtf 
the  smocKhness  recovery  of  OaAs  layen  is  much  foster  and 
morecompletethantherecovery  of  AlOaAs  surfoces.  Mwe- 
over,  a  similar  enhanced  recovery  can  be  seen  when  only  1  or 


FK3.  1.  a  typical  time  evohitiOB  of  RHEED  tpecular  beam  intenrity  taka 
firom  (001  )-2  X4  recenttnicted  turfiKe,  daring  the  frowth  and  recovery  oC 
(a)  an  AlGaAa  layer  (left-hand  tide),  (b)  10  ML  ofAlGaAt  covered  by  t 
MLofOaAs  (center),  and  (c)  a  few  AlGaAtmonolayen  covered  by  1  lA 
ofOaAt  (right-hand  tide). 
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I  rntmelKiftn  (ML)  of  OaAi  u*  grewa  cn  top  of  an 
AlQoAsl^fw.  A  oonqMtfiiOB  brtiiocB  wiftwc  ncoifcrics  to 
ooi  conditiopi  is  gmn  in  1  fer  bym  fitnrn  to 
fOO  *C  The  rooovoy  of  an  Alcai  Ooan  At  SBfftoe  k  aecn  to 
dtt  left  and  of  tbe  (biue.  The  foOowinf  RHEED  inteiwty 
OKtltatioiit  icflect  the  frowth  of  10  AXtaAs  ML  fidlawed  tqr 
t  OaAt  ML.  The  OaAa  nuiaoe  fooovery  it  oonsidefabty  fat* 
t«  and  mofe  oomptete  (the  intenaity  foea  out  of  teak).  We 
conchided  that  even  a  dqiocHioa  of  a  ttnfle  OaAt  mono¬ 
layer  on  the  AlOaAt  tuffiioe  it  aoffident  for  enhancing  the 
recovery  prooeia;  at  can  be  teen  on  the  right-hand  tide  of 
Rg.  1.  The  RHEED  intenaity  recovery  it  at  &tt  and  com- 
plete  at  in  the  cate  of  the  thidwr  dqwritipn  of  OaAt  on  top 
ofAlGaAt. 

The  anenic  flux  is  nonnaDy  left  on  during  growth  inter- 
niptioiis,  while  the  ntoetrate  temperature  is  near  the  congru¬ 
ent  suUimtoion  tenqierature  ( ~  600  *0  or  above  it.  in  order 
to  prevent  the  decomposition  of  the  surface.  However,  we 
that  at  substrate  temperatures  at  low  as  300  *C  anenic 
molecules  imiwiging  (» the  surface  during  growth  stops  lepd 
to  a  roughening  of  the  turftoe.  Hgure  2  shows  the  RHEED 
istensity  from  a  GaAs  surface  maintained  to  320  *C  The 
RHEED  intenaity  decreased  during  growth  interruption  as 
kng  as  the  arsenic  flux  was  impinging  on  the  surface.  As 
soon  as  the  impinging  arsenic  flux  was  turned  off  the 
RHEED  intensity  increased  rignificantly.  reflecting  the  en- 
hinced  surface  recovery. 

Selectively  doped  inverted  heterojunctions  investigated  in 
dusworic  were  basically  conventitmal  (ind<qMng.moleftac- 
tkn.  and  growth  temperature)  structures  with  a  ringte  2- 
DEG  located  in  the  GaAs  on  top  of  the  doped  AlGaAs  layer. 
A  sdiemaric  description  (ff  the  layers  configuration  is  given 
is  Fig.  3.  A  0.3^m-thick  buffer  layer  was  first  grown  at  a 
gtosvth  rate  d  (X7  /rm/h  at  a  substrate  temperature  at 
no  *C  The  growth  rate  was  then  reduced  to  0.20  /un/h,  in 
onkr  to  maintain  a  high-crystalline  quality  during  the  sub¬ 
sequent  lower  temperature  growth  d  300  *C  using  during 
the  growth  of  the  S  doped  lO-nm-tbick  Ala2|Gao.TyAsiay- 


^  I  bB.ZAljrpiealtHDeevotatiaBoriUlEEDvwiilu’beamiiitenityttiH 
^  I  ^(00l)-2x4iieoa«tnieiioiitaiftoe,dii(tettliegrowthaiidnoo«c(y< 
^  <wte«S30X;(baitaai)aadat<30X:(iop). 

I 

^  I  ^«K.8eLTeeiMielO.VoLlllOL 2. Mar/Apr  IMS 


Ns 


art 


aosol! 


ENWtron 

Enargy 


lllOaHn**  SfcOaAs 

SOam 

•ao*c 

Ufitfopid 

tSOam 

MO-C 

uadapad  AijdtajpM 

SSam 

•00  *0 

iiUlVeiir*  afcAbiOajpAs 

Warn 

000 *c 

Undopad  AI^GajtAa 

irOam 

•00  *c 

UndapadOaAs 

MOam 

•00  *c 

■ami  Inaulaung 

OaAs 

-rOEG 


—  tuttaf 


Flo.  3.  A  ichematic  crow  iwrtknl  view  ct  •  typical  iaverted  leiectivdy 
doped  heleraetnictiife.  cmphatiziiiE  the  byen  in  whidi  20  s  Iona  (towth 
hiterraptioitt  were  introdiioed.  A  tchemetic  pmentatioa  of  the  respective 
oonduMion  band  dis(iani  is  given  on  the  left-hand  side  of  the  figure. 


er.  Two  undoped  AIolsi  Gao.T»  As  spacers  were  grown,  the 
top  one  ranged  from  4-23  nm  and  ^e  bottom  was  100  sun. 
The  bottom  spacer  prevented  a  2-DEG  from  forming  at  the 
btotom  (normal)  interface.  Periodic  growth  interrui^ons 
(including  a  GaAs  recovery  monolayer)  were  introduced 
during  the  growth  of  the  AlCiaAs  layers,  according  to  the 
procedure  described  above.  A  120-nm-undoped  GaAs  layer 
followed  the  top  AlGaAs  qiacer.  oqsped  by  30-nm-tluck  Si 
dtqied  GaAs  that  was  desired  to  te  fully  depleted  by  the 
surface  potential. 

Special  care  was  taken  to  use  more  firequent  growth  inter¬ 
ruptions  at  the  top  3  nm  of  the  AlGaAs  spacer  layer.  There, 
we  have  used  a  growth  stq>  every  3  ML  of  AlGaAs.  Figure  4 
shows  the  RHEED  intensity  oscillations  recorded  during 
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PW.  4.  The  RHEED  intensity  time  dependence  taken  during  the  growth  of 
the  top  portiaa  of  the  AKSaAs  spacer  layer.  The  OaAs  stop  layer  can  be 
dearly  seen,  after  each  interruption.  One  of  the  OaAt  stop  layers  is  indicat¬ 
ed  by  a  broken  tine,  as  wdl  as  the  poim  at  which  the  growth  of  the  undoped 
OaAs  layer  begins  (where  the  2-DEG  retidet). 
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the  growth  tlw  top  porti<m  (rf*  the  AlOtAs  spacer.  The 
OaAs  nccvery  layer  is  clearly  seen  at  each  stop,  as  well  as 
the  point  at  which  the  growth  of  the  undoped  GaAs  top  layer 
was  initiated.  Note  that  no  growth  stop  was  introduced  at 
the  very  top  interfile  of  the  AlGaAs  layer  due  to  the  fear  of 
impurities  iocorp(»atioa  at  this  critical  growth  interface. 

Moieties  and  sheet  electron  cmoentratiotts  of  some 
structures  grown  under  different  contritions  that  were  mea¬ 
sured  at  300, 77,  and  4.2  K  in  the  dark  are  detailed  in  Table  I. 
hfobilities  as  high  as  440000  cm’/Vs  with  a  sheet  carrier 
concentration  of  2x  10"  cm~’  were  measured  at  4.2  K  in 
structures  wluch  were  grown  with  many  growth  interrap- 
tioas.  A  lower  but  stiU  oomparativdy  hi^  4.2  K  mobility  <ff 
200000cm’/V  sate  achieved  for  the  growth  in  which  only  a 
single  1  min  long,  growth  stt^  was  introduced,  some  3  run 
bdqw  the  AlOaAs-OaAs  intoface  with  no  GaAs  stop  layer. 
TbM  results  are  compared  with  the  values  achieved  when 
no  growth  stops  were  used  but  the  growth  temperature  was 
reduced  during  the  growth  the  Si-doped  AKhiAs  layer,  to 
prevent  the  Si  segregatioo  fnd  possible  impurities  migration. 
Thedectton  mobility  in  tl^'casewis  150000cm*/V  sat  4.2 
K  for  a  spacer  thickness  of  20  nm.  We  grew  some  structures 
wMi  a  4knm-thick  AlOaAs  top  spacer,  using  one  growth 
stop  30  nm  bdow  the  AlOaAa-OaAs  interfoce.  The  77  K 
dectron  mobffity  in  this  case  was  70000  cm^/V  s  with  a 
sheet  carrier  concentration  of  8X 10"  cm~^ 

We  found  that  low-temperature  growdi  was  needed  in  or¬ 
der  to  prevent  Si  segregation  or  impurities  propagation  to 
the  top  interfacA  The  lat^  wm  further  demaiistrated  by 
growing  *iionriaIly-oir  structures.  In  these  structures, 
grown  on  conductive  substrates,  AlOaAs  is  undqwd  and  tlM 
2-DEO  is  acCTimulatcd  by  the  qq>lication  of  a  positive  vd- 
tage  on  the  substrate  with  ttsftcx  to  the  top  contacts.  In 
these  structures,  even  though  Si  was  not  present,  it  was  stiO 
essential  to  reduce  the  growth  temperature  within  the  later 
part  of  the  AlOaAs  layer  growth,  in  order  to  achieve  a  high 
mobShy.  This  clearly  indicates  that  unintentional  impurities 
ate  present  and  migrate  at  higher  temperatures  towards  the 
top  interface.  Resets  on  tte  normally-off  inverted  devices 
win  be  published  elsewhere." 

We  relate  the  enhanced  surface  recovery  of  the  GaAs  cov¬ 
ered  AKJaAs  surfaces  to  the  higher  surface  diffusion  of  Ga 


atoms  on  GaAs  compared  with  A1  and  Oa  atmiu  oa 
AlOaAs.  The  activation  oergies,  for  diffusion  Eq,  were 
found  to  be  1.3  and  1.6  eV  for  Ga  on  GaAs  and  A1  on 
AlOaAs,  respectivdy."  As  a  result,  the  average  terrace 
width  on  AlGaAs  is  significantly  smaller  than  on  GaAs,  re¬ 
flecting  the  faster  recovery  of  a  GaAs  surface.  Furthermore, 
shutting  down  the  arsenic  flux  during  the  low  temperature 
(SOO  *C)  growth  stops  reduces  the  relative  amount  d  GaAs 
nmlecules  on  the  surface  which  in  turn  etubles  the  Ga  atoim 
to  diffuse  much  faster."  Another  mechanism  which  could 
be  responsible  for  the  improvement  in  the  electron  mobilities 
could  be  the  tr^>i^  d  each  of  the  interfaces 

frnined  during  foe  growth  interruptions  layers." 

In  conclusion,  we  present  fw  the  first  time,  a  reprodudble 
procedure  for  growing  high-mobility  selectively  doped  in¬ 
verted  heterojunctions.  The  key  features  are  foe  low-growth 
terriperature  to  avoid  Si  and  impurities  segregation,  foe  slow 
growth  rate  and  the  introduction  of  modified  periodic 
gro^  interruptions  during  the  growth  of  foe  AlGaAs  lay¬ 
ers.  Mobilities  as  high  as  460  000  cm^/V  s  and  sheet  carrier 
concentratira  of  2x  10"  cm~’  were  measured  at  4.2  K  in 
the  dark. 
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High-mobiHty  variable-density  two-dimensional  electron  gas  In  Inverted 
GaAs-AIGaAs  heterojunctions 
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Inverted  heterointerfaccs  (OaAs  on  AlOaAs),  which  are  basic  constituents  all  quantum 
wdb  and  superlattices,  have  been  significantly  improved  using  electron  dillnetion  and  a 
refined  molecular  beam  epitaxy  growth  procedure.  Udliziag  them  in  a  novel  structure  allowed 
the  variatioa  of  the  electron  density  over  a  wide  tan^  with  peak  mobilities  of  4x10’ em’/V  s. 

The  continuously  variable  electron  density  allowed  comparison  to  a  theoretical  analysis  of  the 
low-temperature  scattering  mechanisms,  and  their  relation  to  the  growth  process,  establishing 
the  importance  interface  charges  and  roughness.  High-mobility  samplm  were  used  to 
observe  the  quantum  Hall  effect  with  varying  carrier  concentrations  in  a  single  structure. 


A  high-mobility  quasi-two-dimensional  electron  gas 
(2DEO)  can  now  be  routinely  produced  in  OaAs-AlGaAs 
normal  heterojunctions  where  a  doped  AlGaAs  alloy  is 
grown  on  top  of  a  pure  GaAs  layer.'  So  far,  in  the  invei^ 
hetercyunctions,  where  the  pure  OaAs  is  grown  on  ttq>  of  the 
AlGaAs,  2DEG  mobilities  were  relatively  low.  Inverted  he- 
terojunctKMis  are  extremely  important  since  half  of  the  inter¬ 
faces  in  OaAs-AlGaAs  quantum  wells  and  superiattices  are 
inverted.  Single  inverted  interfaces  also  have  some  technolo- 
gicai  advantages.’  Attempts  to  improve  inverted  structures 
have  been  reported  before,*^  but  the  difficulties  were  never 
resdved.  T«  nain  reasons  were  offered  to  explain  the  low 
mobilities  in  the  inverted  structures:  (a)  interface  roughness 
that  is  inherent  to  the  growth  process,  and  (b)  impurity  s^- 
regation  during  growth  towi^  the  interface  a^  the  top 
GaAs  layer. 

We  report  here  a  study  that  led  to  the  development,  for 
the  first  time,  of  high-mobility  inverted  interfaces.  More¬ 
over,  the  interface  was  embedded  in  a  novel  structure  (an 
inverted  semiconductor-insulator-semiconductor,  or  ISIS) 
that  enabled  the  variation  of  the  20EG  density  continuously 
from  the  low  value  of  2x  10'°  to  Sx  10"  cm~’  in  a  single 
structure,  with  mobilities  approaching  those  measured  in 
normal  heterojunctions.  We  find  strong  correlations  be¬ 
tween  the  electron  mobility  and  the  AlGaAs  interface 
smoothness,  as  indicated  by  the  intensity  of  grazing  angle 
reflection  high-energy  electron  diffiaction  (RHEED)  spots. 

A  variaUe  density  2DEG  formed  at  an  interface  could 
facilitate  its  study,  and  in  particular  be  useful  for  inverted 
structures.  Hence,  a  novel  ISIS  structure  was  developed 
where  the  2DEG  is  formed  by  the  application  (ff  an  eteettk 
field  at  the  GaAs-AlGaAs  inverted  interface.  The  structure, 
grown  by  molecular  beam  epitaxy  (MBE),  is  described  in 
Fig.  1.  Mesas  aO.2  /<m  deep  were  etched,  and  four  (or  six) 
lithographically  defined  AuGe/Nb/Au  shallow  ohmic  con¬ 
tacts  were  alloyed  (to  a  depth  of  s>  ISO  run,  avoiding  short¬ 
ing  to  the  gate)  to  form  a  Van  der  Pauw  (or  a  Hall  bar) 
pattern.  Initially  no  2DEG  is  formed,  and  current  does  not 
flow  between  the  top  contacts.  As  the  (positive)  gate  voltage 


is  increased  above  a  threshold  voltage  of  a  1  V,  the  sheet 
density  n,  of  the  2DEG  increases  proportionally  to  the  elec¬ 
tric  fidd  at  the  interface  (see  Fig.  1 ). 

Our  initial  attempts  to  produce  inverted  structures  re¬ 
sulted  in  a  rdativdy  low  4.2  K  moUlity  of  S  X 1 C*  cm^/V  s, 
as  also  obtained  by  other  researchers.*'’  However,  normal 
structures  with  dtmors  in  the  AlGaAs  and  thick  AlGaAs 
spacer  layers,  grown  under  the  same  conditions,  had  mobili¬ 
ties  of  some  4X 10’  ca?/y  a  In  order  to  overcome  these 
fundamental  differences,  which  ate  obviously  interface  r^ 
lated,  we  have  «q>h>ited  the  RHEED  technique,*  observing 
the  specular  tefl^on  pattern  of  an  dectron  beam  in  the 
(110)  direction  during  growth.  The  diffraction  intensity, 
corresponding  to  the  surface  smoothness,*  exhibits  decaying 
oscillaticms  as  GaAs  growth  proceeds.  Each  oscillation  cor¬ 
responds  to  a  single  monolayer  growth  time,  due  to  a  period¬ 
ic  roughening  and  smoothi^  of  the  surface.  The  ovoall  de¬ 
cay  results  from  the  increased  roughness  with  increasing 
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FIO.  I .  Dctcriptioa  of  u  ISIS  itnictiiic.  The  potential  diasrain  OB  the  ridn 

coneeponda  to  the  accumulation  mode  The  top  doped  GaAs  layer  it  de- 
tigned  to  be  exactly  depleted  by  the  tuiftoe  potential. 


Appl.  Ptiys.  Lett  52(15),  11  Aprtt  1988 


0003-8951  /88/1 51268-03801 .00 


1 1988  American  Institute  o(  Physics 


lie  ibeet 
Jieelec- 

OKS  ie> 

Bonittl 
yOaAs 
mobili* 
w  tbese 
ftcere- 
verving 
1  in  tbe 
itensity, 
ecnyini 
ion  cm'* 
period- 
ntOde- 
aeisinf 


I 


I  kyertlucknm.  When  growth  it  internipted,  the  HnoothaeM 

Iof  the  sur&oe  unprovn  and  RHEED  intensity  increases  over 
s  time  period  determined  by  the  growth  oonditioiis.  When 
AlOaAs  is  grown,  surftce  roughness  builds  up  more  rapidly 
than  in  the  OaAs  case,  and  the  recovery  is  much  slower  and 
incomplete.  This  is  due  to  the  low  surface  mobility  of  the  A1 
atoms,  respon^le  fc»  the  greater  roughness  of  the  inverted 
interface.'’-* 

In  (Htler  to  smooth  the  top  AlGaAs  surface  the  growth 
wtt  interrupted  frequently  unto  excess  As  flux,*  and  itt  rate 
reduced  to  4  nm  per  minute,  to  allow  the  A1  atoms  reach 
terrace  steps  and  nucleate  smoothly.’ The  resultant  electron 
mobility  was  thus  improved,  and  readied  a  peak  value  of  10^ 
em’/V  s  for  a  density  r.s>6x  10"  cm~*.  However,  the  mo¬ 
bility  dtoppti  very  sharply  (to  a  few  thousands)  when  n, 
wasreduo^to2xl0"  cm~*. 

A  deposition  of  about  one  monolayer  ( 1  ML)  of  GaAs 
oa  the  AlOaAs  surface  just  before  groa^  interruption  led  to 
substantially  fmter  and  more  complete  smoothness  recov¬ 
ery.  Figure  2  compares  RHEED  intensity  oscillations  dur¬ 
ing  AlGaAs  growth  followed  by  the  recovery  of  both 
AlGaAs  and  AlGaAs  +  1  ML  of  GaAs.  The  shorter  inter¬ 
ruption  time  is  highly  advantageous  since  the  number  d' in¬ 
corporated  impurities  from  the  surrounding  is  minimized. 
Employing  this  technique  in  the  growth  of  the  AlGaAs 
(xaeO.26)  improved  the  peak  mobility  to  l.SX  lO’  em’/V  s. 
The  mobilities  and  sheet  densities,  shown  in  the  lower  part  in 
Fig.  3,  were  measured  by  the  Van  der  Pauw  method,  while 
varying  the  gate  voltage  V,.  The  maximum  achievable  n, 
was  limited  by  the  onset  of  leakage  current  into  the  gate  due 
to  tunneling  through  the  resulting  triangular  potential  bar¬ 
rier  of  the  AlGaAs. 

A  further  and  crucial  step  involved  the  reduction  of  im¬ 
purity  movement  toward  the  interface.  This  was  accom¬ 
plished  by  reducing  the  substrate  temperature  to  500  *C  dur- 
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FIO.  X  DcMiiptioa  ef  RHEED  inteiiiity  encfllatiopi  dums  QaAi  nd 
AlOaAs  growth  CsOowad  by  rarihee  tmoochnos  recovery  ftcUhated  by 
growth  hrteiTaplioiL  At  left,  a  idativdy  tong  icooveiy  thne  is  reqvifed  for  a 
bare  AjOa  As  surface.  At  the  fester  and  more  complete  recovery  of  the 

eanK  AJOa  As  surface  covered  by  a  monolayer  of  OaAs  (mteasity  is  eatu- 
rated). 


Electron  Oanslty  n«  (10’'  cm-*) 


no.  3.  Mobi^  vs  2DEG  deniity  (controikd  by  a  gate  voltage)  in  two 
ISIS  stnieturcs.  The  results  at  the  bottom  ( drdes)  are  for  an  inverted  inter- 
face  with  AlAs  mole  fraction  x«0.26  grown  at  a  high  substrate  tempera- 
ture,thussalcringfTDmhighmtcsfacechargedcnsityandmorerougluie». 
The  top  results  (squares)  are  for  Xm 0.21  incorporating  a  thin  AlGaAs  re- 
gkm  grown  at  a  low  temperature.  The  hnes  are  calculation  resulu  from  a 
ebapie  modd  invoL.iig  mughnest.  interface  charges,  and  bulk  impurities. 


ing  the  growth  of  a  thin  AlGaAs  layer  some  5  nm  below  the 
inverted  interface  (thereafter  the  temperature  was  quickly 
raised).  This  procedure,  in  conjunction  with  reducing  the 
AlAs  mole  fraction  to  0.il,  produced  superior  inverted 
structures  with  an  extremely  wide  range  of  electron  densi¬ 
ties,  from  n,  as  low  as  2  X 10'*  cm~’ up  to  5  X 10"  cm~’.  and 
a  maximum  mobility  oi  4x  10*  em’/V  s  (upper  curve  of 
Fig.  3).'*  The  mobility  increases  sharply  as  the  electron  den¬ 
sity  increases  and  then  levels  off.  Good  ohmic  conucts  to  the 
2DEG  were  maintained  even  at  the  extremely  low  density 
range. 

To  understand  this  dependence  and  to  analyze  electron 
scattering  in  these  invert^  structures,  we  applied  an  Bp- 
proximate  nuxlel"  that  includes  scattering  by  badiground 
impurities  in  the  GaAs,  by  interface  charges  at  the  GaAs- 
AlGaAs  interface,  and  by  interface  rmighness.  A  Fang- 
Howard  envelope  wave  function  (i.e.,  infinite  barrier  height 
approximation)  was  used,  and  the  calculation  made  an  ap¬ 
proximation  for  the  effective  depletion  field,  that  does  not 
accurately  reflect  the  more  complicated  potential  inofile 
near  the  interface  (due  to  the  vicinity  of  the  GaAs-vacuum 
interface).  The  calculation  was  otherwise  conventional.'’ 
The  interface  rough’iess  was  characterized  by  a  Gaussian 
autocorrelation  function  with  rms  step  height  A  »  0.2  nm 
corresponding  to  one  montoyer  stq>s  (somewhat  smaller 
than  tiie  value  used  by  Hirakawa  et  al.'^  in  thin  quantum 
wells)  and  a  lateral  correlation  length  A  =  S.S  nm.  It  was 
necessary  to  invoke  a  density  of  5x10*  cm~’  interface 
charges  to  account  for  the  low  mobility  at  low  electron  densi¬ 
ties.  The  background  acceptor  concentration  was  taken  to  be 
7  X 10'*  cm~*,  approximately  consistent  with  values  found 
for  other  samples  grown  under  similar  conditions.  As  shown 
in  Fig.  3,  an  excellent  fit  was  achieved  over  the  entire  range  of 
electron  densities  for  this  higher  mobility  sample  (with 
Xar0.21).  The  data  measured  on  the  lower  quality  sample 
(xskO.26)  could  be  accounted  for  by  a  rougher  interface 
with  about  3X 10'*  cm~’  interface  charges.  While  no  great 
significance  should  be  attached  to  the  specific  numerical  val- 
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ues  used  in  the  annlysis,  it  seems  dear  that  both  interface 
charges  and  interface  roughness  are  required  to  explain  our 
results.  Furthermore,  the  changes  in  these  quantities  result¬ 
ing  from  different  growth  procedures  give  a  direct  qualita¬ 
tive  correlation  between  RHEED  intensity  and  interface 
roughness  and  also  between  the  growth  temperature  and  the 
accumulation  of  charged  impurities  at  the  interface,  as  re¬ 
flected  by  Coulombic  scattering. 

Since  a  2DEO  in  inverted  structures  has  never  been 
shown  to  exhibit  the  quantum  Hall  effect  before,  low-tem¬ 
perature  (0.5  K),  high  magnetic  field  ( IS  T)  measurements 
were  carried  out  on  these  structures  with  Hail  bar  geome¬ 
tries.  The  potential  of  this  inverted  structure  is  demonstrated 
by  doing  the  measurements  at  different  gate  voltages  thus 
varying  the  density  over  a  wide  range.  We  have  observed  the 
quantized  Hall  effect,  including  magnetoresistance  dips  at 
some  fractional  filling  factors  as  shown  in  Fig.  4(a).  The 
shift  in  the  positions  of  the  minima  in  R„  at  different  carrier 
densities  is  clearly  demonstrated.  Figure  4(b)  gives  /(„  and 


as  a  function  of  the  gate  voltage  (and  consequently  thMCfOpS^^ 


5  10 

(a)  Mtan«UcFi«ld(T) 

Carrier  Density  (10"cm~*) 


(b) 


Vg  (Volts) 


carrier  density)  at  3  T. 

In  summary,  we  report  the  study  of  inverted  heterqjuac. 
tions  with  a  twoKiimensional  electron  gas  (2DEG).  W( 
have  shown  that  charges  and  roughness  at  the  interface  ir 
responsible  for  the  generally  poor  quality  of  inverted  stnx. 
tures.  The  growth  process  has  been  refined  with  the  used 
high-energy  electron  diffraction,  leading  to  peak  mobilioei 
at  4.2  K  of  4x  10^  cm^/V  s.  Moreover,  this  interface  «« 
incorporated  in  a  novel  structure  ( ISIS )  which  allowed  us  to 
vary  the  electron  density  continuously,  over  a  wide  range,  b' 
the  application  of  a  gate  voltage.  A  numerical  cakulatioo 
using  a  simple  model  allowed  the  determination  of  the  domi. 
nant  scattering  mechanisms  influencing  the  mobility  of  the 
2DEG,  which  were  clearly  related  to  the  different  growth 
procedures.  We  have  demonstrated  how  the  structure  could 
be  exploited  by  measuring  the  quantum  Hall  ^ect  over  a 
wide  range  of  carrier  densities  and  motnlities. 

Note  added  in  proof.  A  similar  ISIS  structure  for  charged 
injection  purposes  was  worked  on  before  by  A.  Kastalsky,  J. 
H.  Abeles,  iL  Bhat,  W.  K.  Chan,  and  M.  A.  Koza  [A|giL 
Phys.Utt.48,71  (1986)]. 
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0. 4.  Qwmtum  Hall  effect  and  magnetocenstance  of  the  ZDEO  at  the 
eiied  interface,  (a)  The  magnetoresistance  u  a  funetkM  of  magnetic 
d  for  three  different  pte  voltages  and  2DEG  densitiet  in  a  tingle  ttnic- 
e.  (b)  The  Hall  leiistance  and  the  magnetoiesistanceatSTasafiifiction 
{ate  voltage. 
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(fteodved  25  May  1988;  •ooepted  for  poblicatkm  8  Sq>tember  1988) 

We  report  the  first  siiccmfbl  inoorporatioa  of  a  pseud(Mn(»pIiic  InGaAsbase  in  aballutk  hot- 
dettron  device.  The  device,  with  a  28*nin>thick  InojsOaau  As  base,  had  a  c<filector<base 
bseakdown  voltage  of  O.SS  V  and  a  maximum  current  transfer  ratio  irf' 0.89  at  4.2  K, 
considerably  higher  than  the  0.75  in  a  oomparabte  GaAs>baae  device.  Electron  energy 
spectroscopy  measurements  revealed  that  at  least  30%  the  injected  electroos  traversed  the 
InOaAs  bnt  ballisdcany,  causing  a  strong  modulation  in  the  injected  currents  into  the 
quantized  base.  The  r>£  vall^  separation  in  the  strained  InaisOaois  As  was  estimated  to  be 
about  410  meV. 


We  have  recently  reported  on  the  dc  performance  of 
GaAs  tamiding  bm-dectron  transfer  amplifier  (THETA) 
devices  and  the  direct  evidence  of  ballistic  dectron  transport 
through  dun  n •GaAs  layers. In  a  typical  THETA  device 
with  a  304im-wide  n'^-GaAs  base  doped  to  >-1x10'* 
cm~*,  about  30%  of  the  injected  current  was  observed  to 
traverse  the  base  baOistically,  while  the  maximum  difieren* 
tial  current  transfer  ratio  (0^)  was  0.75  at  low  tempera¬ 
tures.*  ^  reducing  the  odlector  barrier  hdght  and  thus  in¬ 
creasing  the  availabte  window  for  ballistic  transport  an 
Om  ■■  0-9  was  achieved.'  However,  the  small  odlector  bar¬ 
rier  height  iinuted  the  maximom  allowed  ooOector-base  vol¬ 
tage  without  collector  leakage  to  less  than  0.3  V. 

In  this  letter,  we  rqKHt  the  first  successful  incorporation 
of  a  28-om-wide  n'''-In,Ga|  _,As  (y  s  0.15)  pseudomor- 
|diic  hqfcr  as  the  base  in  the  THETA  device.  This  device  is 
expected  to  suffer  less  fitom  transfer  to  the  £  valleys  doe  to  a 
larger  r-£  valley  separation.  At  the  same  time,  the  increased 
conduction-band  discontinuity  between  AlGaAs  and 
InGaAs  enables  us  to  reduce  the  AlAs  mole  firaetkm  in  the 
collector  barrier  for  the  same  collector-base  breakdown  vol¬ 
tage.  This  tends  to  improve  the  quality  of  the  AIGaAs  and 
reduce  the  scattering  ofhot  electrons  in  the  collector  barrier. 
Indeed  we  have  found  in  the  novel  device  a  coUecUu’-base 
breakdown  vdtage  <^0.55  V  fm  an  AlAs  mde  fiaetkm 
0.15,  and  a  naximum  differential  current  transfer  ratio 
Ojf  acOL89  at  4.2  K. 

The  InGaAs  pseodomorphic  structures  were  grown  by 
mcdecular  beam  qutaxy  (hffiE)  on  (100)  sub¬ 

strates.  Figure  1  describes  the  energy-band  diagram  of  the 
device  under  normal  bias  conditions  in  a  ctmunon-base  con¬ 
figuration  (CBC).  The  tunnd  injector  on  the  left  is  formed 
from  a  diin  Al;,Ga,  As  layer  ( 10  run,  undoped,  X  *  0.28) 
whidiissandwichedbetweenanR'''-GaAsemitteranda28- 
iun-thickn'''-In,Oa,_,As  (7^0.15)  base  whidi  is  doped 
to  1.1x10"  cm~*.  Another  undoped  Al^Ga,_,As  layer 
(70  nm,  X  «  0.15)  between  the  base  and  the  col¬ 

lector  layer  forms  the  collector  barrier,  thus  preventing  the 
equiEbihmi  electrons  in  the  base  from  entering  the  collector. 
The  AlAs  mole  fraction  in  the  collector  barrier  is  graded 
down  to  X  0.07  over  the  last  10  nm  on  the  base  side  to 


reduce  the  quantum  mechanical  reflections  of  the  incomiag 
hot  electrons. 

The  measured  output  characteristics,  /c-Pcb>  in  aCBC 
at  4.2  K  are  shown  in  Fig.  2(a).  These  charactttistks  aie 
very  similar  to  those  of  a  bipolar  transistor.  Due  to  the  larger 
conduction-band  discontinuity,  the  collector-base  break¬ 
down  voltage  (Kcsm)  >*  nbout  0.55  V  omipared  to 
Vcmt  »0.3  V  in  the  GaAs  device  with  similar  AlAs  mole 
fiaci^  in  the  cdlector  barrier.  The  differential  currai 
transfer  ratio-iiyectkm  vdtage  characteristics,  dfc/ 
dig  —  same  device  are  shown  in  Fig.  2(b).  Note 

that  the  device  has  CTj,  >-0.89  (0.87at77K)  thatissubsias- 
tiaUy  higher  than  Oj,  >- 0.75  in  the  (3aAs  devices  with  siiDiltf 
base  doping  and  thickness.*  Note  also  the  resonances  evideil 
in  the  curves  which  ate  related  to  quantum  mechanical  inta- 
ference  of  the  ballistic  dectrons  in  the  thin  base  and  will  be 
discussed  later.  We  attribute  the  higher  ajf  to  the  larger 
energy  separation  En,  in  the  strained  InGaAs  base. 

When  the  injeetkm  energy  is  high  enough,  some  of  ^ 
ballisticdectronsttansfertot^£valleysinthebase,tcsall- 
ing  in  a  decrease  in  the  current  gain  a.  This  was  seen  befon 
in  the  GaAs  THETA  devices.*  In  the  pseudomoipbic 
InGaAs-base  device,  only  a  slight  decrease  in  a  is  observed 
at  high  injection  energies  [Rg.  2(b)].  The  value  for  £ri  ■ 
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no.  1.  SchcmslicdfaisnunofUtecoBdiictioiibudofsTHETAde** 
under  forward  bias  operation. 


1946  A9pl.R)yt.L«ltn(2X)),14Nov«nibsr19ee  0003-6M1/W/461 946-03901 .00  ®  1086  Anwrican  hstilule  Of  Physics  I*** 


1 


no.  3.  Barrier  hagiitMaluaetioa«rbiMiiisvalii«eforMAlGaAscalk 
tcfh>rfi*r.ol)taiii«dbyth«fiieiiicmii«nmiiilyiit<ificwpc»»tii>e.dcpe 
dcM  cufTCBt'Voltafe  dMractetitiks. 


be  inoominf 

^tioeCBC 
:teristicsait 
tothebofer 
base  break* 
npared  to 
AlAs  mole 
tial  current 
.tics,  die/ 
2(b).  Note 
tHSubstan* 
with  similar 
Kcs  evident 
mical  inter* 
and  win  be 
!)argerr*£ 
ase. 

some  the 
lase,  result* 
seen  before 
iomm  ,  X 
is  observed 
fotErt  *» 


•eter 

(ETAdeviet 


19M 


(■) 


no.  2.  Ontpitt  ciin(nt*«aittte  duuactcriitici  of  the  device  at  4J2  K.  Tke 
peraMenriathemjecUaBcuntBt/g.  (b)T1tttffcicBna]cttrrciit|anavi 
iheiqieciiaavohate  atASK.  K„  ii  the  thmhoU  vaha|e  for  the  1* 
viOey  tnaafer. 

the  Strained  base  can  be  estimated  fiom  the  value  of 
^  ^ir  whereastartsdecreasing.IftIiispointisassociat* 
ed  with  the  Fermi  level  in  the  emitter  b^g  one  phonon 
energy  id>ove  the  bottom  trf*  the  I.  band,  then 

Eri  +  i'a  “  —  9^u'  • 

where  is  the  Fermi  energy  in  the  base,  E^  the  optical 
fdionoa  energy  at  the  edge  of  the  BriUouin  zone,  and  V„. 
the  vtritage  drop  due  to  the  parasitic  base  resistance.  We 
estimMe  a  V-L  vaUey  separation  of  about  410  meV  (com* 
pared  to  290  meV  in  GaAs’).  This  is  somewhat  bigger  than 
~370nKV  predicted  by  the  virtual  crystal  approximation. 

Employing  the  **dectron  energy  spectroscopy”  tech- 
nkpie,'theqi|dicationof  Fca  causes  the  potential  height  (rf* 
the  collector  barrier  above  the  Fermi  levd  in  the  base,  d>ct  to 

diange,  dius  affecting  the  coDector  current  density /c- Tbe 

energy  distribation  associated  with  the  perpendicular  mo* 
nentum  (normal  energy  distributioo)  can  be  ^qnoximated 
^9  (i/n){dJc/dVc»),whenij m 
proportkmalityfactor.'SincetbepoteatialshapetffthecoI- 

!lec^  barrier  is  oomfdicated  by  barrier  parameten  that  are 
diffiodt  to  oontrtd  (unintentloiia]  charg^*  Si  segr^tira,’ 
and  the  sfaiqie  of  the  composition  grat^),  the  barrier 
he^  as  a  fimetion  of  Ko  was  determined  from  the  activa¬ 
tion  energy  for  thermionic  emissioo.  In  the  temperature 

;  iangel00K<7'<180K,thelinearitiesonn(7c/7'’)v»(l/ 

I  taer  A|ipLPtiys.La«L,VoLS3.No.20.14Novann)w19^ 


71  plots  were  good  and  the  effective  Richardson  constant  it  ‘ 
was  0.8-1.2.  The  resuhs  in  Fig.  3  show  a  linear  dependeno 
of  the  collector  barrier  height,  ^ct  on  ^ca  the  rangi 
greater  than  40  mV.  Since  17  0.23  in  the  range  of  our  spec 
troscopy  measurements  (ideally  it  should  be  10  nm/7( 
nm~0.14),  Gc  dlc/dV^t  and  the  true  hot-electron  dis 
tribution  are  linearly  scaled  and  are  sinular  in  shiqie. 
curves  for  injection  energies  gFK  »  ISO-lTOineVaieidm- 
ted  in  Fig.  4.  A  clear  ballistic  bdiavior  is  observed.  The  peak 
positkms  in  <7e  track  exactly  the  injection  energy  and 
are  at  —  A  (the  ‘halUstic  coaditioo”)  where  A— 25 
meV  (Ref.  6)  is  the  displacement  of  the  normal  energy  dis- 
tributioo  peak  bdow  the  Fermi  tevd  in  the  emitter  (Fig.  1). 
The  ballistic  fraction  the  electrons  that  cross  the  AlGaAs 
analyzer  peak  is  estimated  at  about  30%  of  the  injected  cur¬ 
rent. 

The  ballistic  tranqiort  maintains  the  phase  cdierence  (ff 
the  electrons  and  thus  interference  effects  in  the  base  can 
take  place.  This  resulted  in  resonances  in  the  tunneling  cur  * 
rents  into  the  base  as  shown  in  Hg.  5.  The  tunneling  comluc- 
tance  is  expected  to  reach  a  peak  whenever  the  peak  of  the 
normal  energy  distribution,  at  9  Fk  —  A,  crosses  the  bottom 


n0.4.DUfeKatialoMptitooiidiietaiioeGcW«iniictiaiiortheooIleeior- 
boe  v«|ia|e.  The  panmeter  is  the  iajectioa  vahafe  •  Tbe 'vlue  of  Cc  it 
proponiaiial  to  the  Dumber  of  bellittic  dectfOBt. 
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no.  $.  Dcrivatiwe  of  Ike  OMMimil  HveetMt  cvnoM /(  wMiraipaet  la  tec* 
cmkicrnUMkia  volUfe  F|k  for  Fn  0«4.2  K.  Eadi  pcakcanopaadi 
to  •  cronkif  of  •  mUoiid  miiiinuiii  ia  Ike  boM.  Tkc  calailaioil  pnk  poH' 
Ikaw  art  aurkad  by  the  mtieal  bon  far  eooqieritoa. 

of  a  qua»>2D  eketron  band  formed  in  the  base.  We  have 
estimated  these  conductance  peak  positums  by  solvinf  the 
Schrddinger  equatkm  in  the  InaisGsauAs  base  astiimhn 
M*  aa  0.060m,.  where  m,  is  the  fiee-dectron  mass,  and  a 
nooparabolidty  panuneter  a  •*0.11  eV"'  obtained  from 
the  virtual  cry^  approjtimatiod.^  and  noted  them  in  Fig.  5. 
Even  though  this  is  not  a  self-consistent  sdutkm  for  the  Pois¬ 
son  and  Schrddinger  equations,'  it  still  gives  a  very  good 
agreement  with  the  experimental  results.  Note  also  that  the 
observed  strong  peaks  in  Fig.  5  are  another  indication  irf’the 
large  fraction  of  ballistic  dectrons. 

In  summary,  we  report  on  the  first  successful  demon- 
stratkm  trf'  a  pseudommphic  n-type  InGaAs  base  THETA 
device.  The  maximum  current  trsnsfer  ratio  was  0.89  at  4.2 


K  (0.87  at  77  K),  and  die  minimum  balhstic  fiactioo  wm 
about  30%,  detected  by  an  energy  spectroscofy  tarfMiiipf 

The  rdadvdy  high  gain  was  attiibated  mainly  to  the  gnats 

r-X>  energy  separation. 
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IBM  Runrek  Diti^tm,  Thomas  J.  Watum  tUseonk  Comer,  Yorktamm  Heights,  New  York  1059S 

(RMMvad  13  October  I9M)  . 

Wc  report  u  obeemtioR  of  a  tiatle-optical-phoaoa  cniiaioa  by  moeocaertetic  hot  dectroos  traven- 
iag  Uiia  a'^*type  <biAa  aad  tbia  aadopod  AIGaAt  layers  ia  tiaws  maefa  shorter  than  the  classical  phoaoa 
period.  This  was  doae  by  iajectiag  badistk  electroai  iota  the  tbia  layers  with  eaergy  arottad  the  thresh* 
old  for  optical  phoaoa  eaiissioa  aad  aioaitoriag  their  ciit  eaergy.  We  eetinate  a  ecatteriag  tiaie  of 
^200  face  for  deetroas  with  eaergy  of  aboat  85  neV  ia  a'*^*type  OaAs,  aad  *550  faec  for  40-oieV 
doctroas  ia  aadoped  AIGaAs. 

PACSaaaibers:  73J0.Gr.  «3.3Q.Dj 


Amoi^  the  variety  of  phonons  in  GaAs,  the  longitudi* 
ml  optkd  (LO)  phonons  arc  coupled  most  strongly  to 
low-cner|y  dectroos.  Eiectroos  with  wave  vectm  k  will 
scatter  via  phonom  with  wave  vector  n  to  k‘  (q~k— k‘) 
with  a  probability  proportional  to  |qf  ia  unscreened 
material,  thus  preferring  to  maintain  thdr  original  direc* 
tion.  Tte  q<*0  LO  phonon  energy  in  GaAs  has  been 
aseasuted  via  aentroo  scattering'  aad  iadastk  tunnel¬ 
ing,’  and  is  herto^Sd  meV.  At  low  temperatures,  when 
the  phonon  occupation  number  is  small,  scattering  events 
are  mostly  due  to  phonon  emissioo  wbid  is  possible  only 
udmn  the  deetroo  energy  exceeds  the  lowest  unoccupied 
eaergy  state  by  at  least  3d  meV.  Using  energy  qiectros* 
copy.  Dimaria  ei  of.’  have  observed  phonon  replicas  in 
Si^  in  dectron  distributioos  emerging  into  vacuum. 
Muhiphoton  wnieiion  in  OaAs  was  observed  by  9iaw* 
via  photoconductivity  experiments,  and  mote  recently  Iqr 
Hklanott  er  nf.’  in  tnimeling  experimoits.  We  report 
here  a  direct  observation  of  monoenergetic,  ballistic,  hot 
dectrom  that  emitted  a  single  LO  lAooon  when  trovers* 
iag  very  thhi  layers  of  n  '*^*type  GaAs  and  insulating  Al* 
OaAs.  It  is  partknlariy  interesting  that  the  transit  time 
of  the  decti^  throi^  the  layers  is  saudler  than  the 
phonon  damkd  period  (2a/«Lo)- 
To  observe  the  anission  of  a  phonon  by  >  hot  dectron, 
a  potemnl  barrier  (spectrometer)  was  comtructed;  hs 
he^  was  consideral^y  lower  than  he>LO  to  enaUe  dec* 
trom  with  energy  km  than  herLo  to  pass,  but  sufficieatly 
to  provent  those  hot  dectroos  that  lost  Aeruo  from 
r— A  quasi  monocnergeUe  hot*deetroo  beam  was 
proAi^  by  a  tunnd  barrier  (iqjector),  whidi  wu  made 
CBpedaBy  wide  hi  order  to  adiieve  an  enmgetically  nar¬ 
row  hot*dectroo  beam.  Our  bot-dectroo  structures,  de- 
sotAed  hi  Fig.  1,  were  grown  by  mokcular-beam  epi- 
trnqr*  wero  composed  of  ii  '*^-Qrpe  OaAs  emitter,  nodoped 
AIGaAs  tunnd  barrier  fatjector,  ll''‘•Qrpe  OaAs  trans^ 
roghm  (bam),  nndoped  AKkAs  roectrometer  barrier, 
aad  ii'*’-4fpe(3aAs  collector  The  qiectrometer 

harrier,  TO  am  thkfc,  with  AlAs  mde  fraction  x~7%, 
had  a  ooadnctkn-band  Asoonthmity  of  63  meV.  Be- 
emme  of  some  lxlO'*-cm~’  uninteationd  native 


diarges  ia  all  our  raolecular-beam-epitaxy  layers,'  the 
measured  barrier  height  was  about  73  meV  (the  addi* 
tiooal  lO-meV  bowing  is  expected  to  have  a  potential 
maximum  at  the  ceatnr  cf  the  barrier).  With  thqung  of 
8x10”  cm  in  all  n  ’''-type  GaAs  layers  and  Fermi  en- 
mgy  of  45  meV  at  4.2  K,  the  qwetrometer  pmential 
bdght  above  the  Fermi  level  in  the  base  was  q>c 
*73  *-45  *28  meV.  The  barrier  height  was  measured 
by  observing  the  onset  of  the  edketor  current  as  will  be 
shown  later.  For  our  thick  injector  tunnel  barrier,  50  nm 
thick  with  X  *7%,  the  expected  full  width  at  half  max¬ 
imum  of  the  injected  oiergy  distribution  is  about  4 
meV.*-’ 

App^ring  30  meV  acrom  the  spectrometer  bar¬ 
rier,  reduces  hs  potentid  peak  to  63  meV  (by  flattening 
the  bowing  potentid)  and  shifts  its  positkw  to  the  base 
side  (flat-band  cmiditions  as  seen  in  Fig.  1).  A  further 
increase  in  Vcb  affects  only  slightly.  This  assures 
that  a  large  enough  window  A  exists  between  the  {dionon 


FIG.  I.  The  conduction  band  in  the  ho(*eiectron  structure 
whb  the  expected  ballistic  electron  distribution  and  the 
different  thresholds  for  phonon  emission.  Inset:  The  expected 
beharior  of  a.  as  a  result  of  phonon  emisrion  in  GaAs  and  in 
AIGaAs. 
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FIG.  2.  The  transfer  ratio  a  curves  for  different  Fes’s  (S* 
mV  steps)  in  the  52-nm  base  device.  As  Fn  increases,  the 
window  between  the  phonon  emission  threshold  and  the  collec* 
tor  barrier  height  increases  and  a  experiences  a  stronger  dip. 
The  a  measured  in  the  32*nm  base  device  at  Fca~3S  mV  is 
also  shown. 


threshold  and  the  barrier  top  Ia*A«lo~^c'*36*~'(63 
*~4S)*>I8  meV],  aUowing  the  full  width  oS  the  ballistic 
distribtttioii,  injected  by  the  tunnel  barrier,  to  surmount 
the  spectrometer  barrier  before  emitting  a  phonon.  We 
have  looked  at  the  tliffentuial  trmsftr  ratio,  defined  as 
a^dlc/dlt  for  Vcb  "const,  where  /c  and  /g  are  the  col* 
lectaLandjemitted  (injected)  currents,  as  a  function  of 
the  injection  vtdtage,  Ffj.  The  quantity  a  is  a  good 
measure  the  electron  loss  since  it  eliminates  constant 
leakage  currents  and  normalixes  the  collected  current  to 
the  injected  current  (which  rises  rapidly  with  the  injec¬ 
tion  voltage). 

In  Hg.  2  we  show  the  behavim  of  a  for  structures  with 
base  widths  of  S2  ami  32  nm,  for  different  spectrometer 
biasing  voltages  Vcb  >0.  We  see  that  a  rises  rapidly 
when  the  mjection  miergy  eFf«  exceeds  the  barrier 
height,  Oc  j^(0)"28  meV  for  Fca"0,  as  seen  in  Fig. 
3(a)).  Whim  rFcg"36  meV,  the  LO  (dumon  energy  a 
drqps  sharply,  reaching  a  minimum  around  40  meV  ami 
themfter  increases  again.  The  drop  in  a  beyond  Kgg 
"36  mV  is  due  to  those  ballistic  electrons  that  emitted  a 
phonon.  The  overall  monotonk  rise  of  a  is  determined 
by  the  energy  dependence  ot  all  scattering  mechanisms, 
and  in  particular  the  quantum-medianical  reflections 
from  the  base-spectrometer  interface,  dominant  for  ener¬ 
gies  dose  to  the  spectrometer  potential  height  We  de¬ 
fine  the  fractional  loas  of  electrons  at  energy  E  due  to 
phonon  emimion  as  a^(ff)/a«..(£).  where  a^(E}  is 
the  measured  a(£),  and  is  the  extrapolated 


(a) 


FIG.  3.  The  traufer  ratio  a  exhibiting  the  phonon  emission 
in  AUGai-iAs,  for  (a)  x~7%,  and  for  (b)  x~20%  and  32%. 
Note  in  (a)  how  the  phonon-related  loss  peak  in  the  AIGaAs 
builds  up  as  Fra  becomes  slightly  negative. 


a(£)  as  if  phonon  emission  did  not  occur,  as  seen  in  Fig. 
2.  The  different  slopes  o(  a(£)  before  and  after  thresh¬ 
old  indicate  an  increase  in  the  scattering  rate  as  tlw  elec¬ 
tron  energy  increases.  To  minimize  the  error  in  our  esti¬ 
mate  for  the  scattering  rates  deduced  from  the  extrapo- 
lated  am»»(E ),  we  measure  OmiJam..  at  the  lowest  poni- 
ble  energy  above  threshold,  namely,  about  a  distributko 
width  above  the  threshold  energy.  As  Vcb  increases,  Oc 
dscreases  (indicated  by  the  shifting  onsets  of  a  in  Fig. 
2),  and  the  ballistk  window  A  increases  (up  to  about  18 
meV  as  shown  brfore),  followed  in  turn  by  an  increase  of 
eMia(£)/aMi(£)>  We  find  that  increasing  Vcb  above  3S 
mV  does  not  increase  A  and  OumiE)!  a-..(E)  any  more. 

We  estimate  the  mean  free  path  X  from  Fig.  2  using 
exp(  ~  daM  "a»i.(£ )/a«M.(£ ).  where  dB  is  the  base 
width.  At  an  energy  oS  about  85  nmV  we  find  Xail26 
nm  and  A.^130  nm  for  the  structures  with  base  width  of 
52  and  32  nm,  respectively.  Since  at  85  meV  the  ballis- 
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tk  eteetroa  vdocity  i>  about  6.1  x  10^  an/iec  (attuming 
a  band-odge  dfect've  electron  mass  of  0.067fn«  and  a 
Bonparab(dictty  parameter  ^■■-0.834/eV),*  the  <k- 
duc^  scattering  time  for  idioaon  emissum  r  at  85  meV 
is  about  210  fsec  in  the  n  '*’-type  GaAs  layers.  At  slight* 
ty  higher  energies,  say  90  meV,  we  find  1  IS  nm  and 
rw  185  fsec.  It  is  interesting  to  note  that  our  results  are 
hi  approximate  agreement  with  experiments  done  in  un- 
soee^  GaAs  layers. We  compare  our  results  with 
the  theoretical  pr^ictions  for  the  LO  (dioooo  emission 
rate  in  undoped  GaAs. "  In  mks  units. 


1 

r(£) 


1 

foe 


(l+«Lo)f  (£,£'). 


(1) 


Here, 


'  iin  r'^(£)-t-y'^(£0 


y(£)"£(l -/!£),  £'“£-h«LO.  "to  »  the  phonon 
occupation  number,  ei>c*12.9ro  tnd  «m*10.9«o  sk  the 
static  and  optical  dielectric  constants  of  GaAs  and  tn  is 
the  permitivity  of  free  space.  A,  B,  and  C  are  factors  due 
to  nonparabolkity  effects  (in  parabolic  bands  A'^C^l 
and  £*0),  and  m  ■■0.067m,.  Substituting  in  Eq.  (1) 
«LO“0  at  r'-4.2  K,  £  -85  meV,  £'-49  meV,  and  cal¬ 
culating"  >4—5.5,  £—“0.52,  and  C— 5.3,  we  find 
T-240fsec. 

Tbb  excellent  agreement  with  our  measured  r  is  some¬ 
what  surprising  since  at  our  equilibrium  electron  concen¬ 
tration  of  8x  10"  cm the  q-0  LO  phonons  and  plas- 
mons  have  similar  energies  (h<»^^38  meV),  and  thus 
interact  strongly,  resulting  in  two  coupled  modes:  a 
plasmonlike  mode  with  q— 0  energy  fia>.t.(0)— 43  meV 
and  a  phontmlike  mode  with  h(»-(0)— 28  meV  (Ref. 
12).  The  lowest  possible  |  q  |  modes  for  which  scattering 
is  most  dominant  in  unscreened  GaAs  is 


qmm  - 1  k(85  meV)  I  -  I  k'(49  meV)  |  =•  1  x  10‘  cm  *  ‘ , 

•nd  s-0.35,  where  k/-  is  the  Fermi  wave  vector. 

Because  dispersion,  we  would  expect  to  observe  two 
threriwlds,  one  at  he>.t.(0.35)»S7  meV  and  the  other  at 
fia>-(0.35)w>31  meV  (Rif.  12),  both  are  not  observed. 
Screening  might  be  rather  important  since  ko>  Iqmiai, 
where  l/ko  is  the  Thomas-Fermi  screening  length.  Tlieo 
emission  of  higher  q  LO  idionons  with  fi«u)^36  meV 
can  dominate  due  to  their  high  density,  explaining  the 
36-meV  peak.  Since  the  coupling  to  the  plasmon  branch 
is  expected  to  be  strong,"  the  absence  of  an  observed 
threshold  at  57  meV  is  not  dear.  The  higher  q,  higher 
frequency,  plasmons  modes,  however,  are  heavily 
damped  by  single-electron  excitations,  and  thus  not  ob¬ 
servable.  (^antization  dfects  in  the  narrow  base  are 
ku  Ukely  to  affect  our  observations  due  to  the  similarity 
tff  the  results  found  in  the  52-  and  32-nm-wide  bases. 


However,  the  possibility  of  an  emission  of  an  unscreened, 
uncoupled,  LO  idionon,  in  agreement  too  with  our  obser¬ 
vations  should  not  be  ruled  out. 

The  same  structure  enabled  us  also  to  observe  single- 
phonon  scattering  events  in  AlGaAs.  In  the  qiectrome- 
ter  barrier,  when  the  ballistic  hot  electroBS  kwe  energy 
and  relax  to  the  bottmn  d  the  conductioo  band,  they  can 
“roll  back”  to  the  base  or  “roll  forward”  to  the  collector, 
depending  on  the  potential  shape  in  the  barrier.  Indeed, 
for  Vc$  >  0  it  is  difficult  to  v^y  the  existence  of  elec- 
tron  scattering  in  AlGaAs,  since  both  the  ballistic  elec¬ 
trons  and  the  ones  that  scatter  reach  the  edketor.  How¬ 
ever,  when  a  small  negative  bias  is  applied  acrou  the 
barrkr  (“10  to  “20  mV),  a  clear  peak  in  a  is  observed 
near  eKf#  — Oc4’36  meV,"  as  we  show  in  Fig.  3(a)  (the 
GaAs-like  LO  phonon  is  35.5  meV  in  AlGaAs  with 
jr— 7%).  Here  the  estimate  for  X  is  cruder  since  it  is 
more  difficult  to  determine  accurately  the  traversal  re¬ 
gion  in  the  AlGaAs  barrier  (see  dotted  line  in  Fig.  1). 
At  higher  negative  bias,  the  threshdd  vdtage  is  not 
unique  and  the  phonon  threshold  broadens  and  shifts  to 
higher  energies.  We  have  used  the  same  method  as  be¬ 
fore  to  estimate  X.  Using  an  estimated  length  to  the  po¬ 
tential  peak  of  45  nm  for  Vet  —  ~  10  mV  (via  a  Poisson 
solution)  and  an  excess  energy  in  the  AlGaAs  of  ^40 
meV,  we  find  X^230  nm.  With  an  estimated  average 
ballistic  velocity  of  4.2  x  10^  cm/sec  in  the  barrier,  we  ar¬ 
rive  at  r— 550  fsec.  Using  in  Eq.  (1)  £  —40  meV,  £'— 4 
meV,  and  the  appropriate  parameters  for  Alo.07Gao.93- 
As, we  find  r^490  fsec,  which  is  in  good  agreement 
with  our  measurements. 

Phonon  emission  can  also  be  observed  in  AlGaAs  lay¬ 
ers  with  higher  AlAs  mole  fractions.  We  have  fabricate 
similar  hot-electron  structures  but  irith  x— 20%  and 
32%  in  the  barriers.  Here,  an  electron  ener^  in  the 
GaAs  base  must  be  at  least  some  180  and  290  meV,  re¬ 
spectively,  to  enter  the  AlGaAs  spectrometer,  however, 
in  AlGaAs  the  electron  energy  can  be  near  the  phonon 
emission  threshold.  Figure  3(b)  shows  the  a  of  th^  two 
devices  for  a  small  negative  spectrometer  voltage. 
Vet  —  “  10  mV.  Again,  the  peaks  in  a  are  very  near  36 
meV  above  Oc,  resolving  clearly  the  GaAs-like  LO  pho¬ 
nons  (which  are  about  35  and  34.3  meV  in  AlGaAs  with 
X— 20%  and  32%,  respectively"’").  The  AlAs-like  pho¬ 
nons,  being  44.6  and  47  meV,  respectively,  are  difficult 
to  resolve  since  the  ballistic  distributions  at  high  injec¬ 
tion  energies  in  these  structures  are  much  broader  (^60 
meV,  Ref.  7).  Since  the  energy  width  of  the  ballistic  dis¬ 
tributions  here  is  wider  than  the  window  A^36  meV, 
and  its  width  requires  an  extrapolation  too  long  for  an 
accurate  determination  (ff  Cp...(£).  the  validity  of  a  as  a 
quantitative  measure  of  electron  loss  is  questionable.  If 
we  assume  the  dominant  scattering  to  be  due  to  the 
GaAs-like  LO  phonons  and  £  —40  meV,  Eq.  (1)  predicts 
r— 400  fsec  in  AlGaAs  with  x— 25%,  and  a  X  of  about 
150  nm. 
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la  Mtomiary,  we  have  directly  obeerved  electroat  that 
eathtcd  a  siagle  loegitadtaal  optical  phoaoa  ia  a  '*'*type 
GaAs  aad  ia  uadoped  AIGaAs  layers.  la  both  layers  a 
dear  siagle  thrcsIiM  at  36  owV  (the  LO  |dK>aon  eaer* 
gy)  was  observed,  aad  we  have  estimated  the  phoeon* 
related  scatteriag  tinne  aear  threshoM  to  be  w>2(X)  fsec  to 
A  '^•type  GaAs. 
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Atamt  Wt  RDM*  M  ■  kllAiNN  WMc  bal^lMlMa  Bcftot.  Tht 
OUU-AlOiiAa  tNiwiDBilwi  Mm.  nMi  •  llBMlMck  tmmit 

B.AitlMWCfcriNlMiyMi»tetdBNIrMwi.tMBrfwln*»LwiiTi 

KiAmAs  «■  M  ka  ahMl  3«  bmV. 


WE  HAVE  fCGCody  rqpofted  od  the  dc  perfbcmaaoe  of  a 
belliBlic  pBeadoiiNMplik  laGiAs  baae,  hot- 

deetrao  tmisfer  amplifier  (THETA)  device  [1].  Mdi  our 
resevch  oo  GbAs  baae  deviM  P],  (3],  we  have  found  diat 


mott  acBiteriagt  [4],  audi  as  ekcma-^dasmoB  and  electroii- 
dectnm  in  the  n-doped  base,  are  relatively  small  in  diin  and 
nonhesvily  doped  base  devices,  bat  scattering  to  die  L  valleys 


is  severe  and  limits  die  maximum  possible  current  gain.  For 
QaAs  base  devices,  by  reducing  the  AlGaAs  coUector  barrier 
heiiht  and  innvatiiig  the  availahie  window  for  hrfttwie 
tnmpoit  (between  collector  baizier  top  and  L  valleys  bottom), 
a  maxfannm  cuneat  tnnsftr  tatio  an  •  0.9  (and  a  current 
gain  of  9)  were  achieved  P].  hi  pseudomoipliic  InGaAs  base 
devices  the  intervalley  energy  separation  £n,  is  larger  and  so 
is  the  band  discorainuity  between  In(3aAs  and  AlGaAs,  tins 
tiOowing  a  lower  AlAs  mole  fraction  in  the  barriers  and  a 
wider  energy  window  wiiboat  excessive  leakage  currents.  We 
have  previously  rqiorted  a  gain  of  9  in  a  heavily  doped 
pteudcanocphic  Ingi.i/3i^jsAs  base  device,  having  also  a  1^ 
collector  breakdown  voitage  [1].  Reoendy.  Haae  et  al.  (5} 
have  reported  oo  the  characteristics  of  a  THETA  device  widi 
an  buOkiajAs  3(VnnHhick  base.  However,  the  base  diicknett 
exceeded  die  critical  Iqfer  thickness  [til  for  a  pseudomorphic 
layer,  as  evidenced  by  the  very  large  voltages  required  in  the 
structure.  Here,  we  report  a  dramatic  improvement  in  die 
cuncnt  gain  of  a  pseudomorphic  InGaAs  bam  device  resulting 
from  a  tadnction  in  die  Imm  duckness  and  doping  and  the 
edatgemem  rrfdie  energy  window.  We  have  measured  current 
gains  as  high  as  41  in  the  new  devices. 

Hw  hi(3aAs  pseudomorphic  structures  were  grown  by 
mnlecniar  beam  qpinugr  do  (100)  n*^  GaAs  substrates.  Hg.  1 

ltaHGfipimod«adS(al(ate27,  inS.1WiwaffcwMHepailBdiB]wt 
kjr  DAWA  ad  adDtateRd  by  ONR  asder  CoMiact  Na0014-t7<COI09. 
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DMM  ItaNM  1.  Womb  RMMidi  Caa,  Yoriawa  IMiiili.  NY  109N. 
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descrfoes  the  energy-band  diagram  (rf  the  device  under  normal 
bias  condhioos  in  a  oommoo^iaae  configuration  (CBQ.  The 
Omnd  hjectOr  on  the  left  is  formed  from  a  diin  AlsGai.^As 
layer  (10  ah,  undoped,  x  ■  0.28)  which  is  sandwiched 
between  an  n**^  GaAs  emitter  and  a  strained  n*^  In^Gai.^ 
base  pi  nm,  y  •  0.12)  doped  to  7  x  10'''  cm~*.  Anotiier 
undo^  Al(Ga|.(As  Isyer  between  the  base  and  an  n*^ 
liiauOoojiAd  ooDector  layer  forms  the  collector  barrier  (tiS 
nm,z  B  0.1,  and  graded  on  the  base  side  to  z  «  0  ova  10  run 
to  reduce  the  quantum  medmical  reflections  for  the  incoming 
hot  electroos).  This  barrier  prevents  die  equOibriiim  electrons 
in  die  base  from  erhesing  die  collector.  The  lO-miHhidc 
bauOaojiAs  collector  layer  was  merged  widi  die  tmderlying 
n*^  GaAs  buffiv  and  substrate  by  compositional  grading.  The 
emitter  area  of  the  device  was  Iti  x  18  ion*. 

Onqiut  chamcteristics,  Ic-Va,  in  a  CBC,  measured  M  TJ 
K,  wifo /j as  a  parameter,  are  riiowB  in  Rg.  2(a). /c and /gate 
the  collector  and  emitter  entreats,  and  Vcb  is  die  collector- 
base  vohage.  The  hi^  ouqah  conductance  is  due  to  die  wide 
graded  r^oh  of  the  ctdlector  barrier,  leading  to  a  reduction  of 
die  bonier  hei^  as  Ves  increases.  Even  fix  10  percent  AlAs 
mole  fraction  in  die  collector  brurier,  the  colleclor  breakdown 
voltage  is  near  0.3  V  due  to  the  increased  corahiction-baiid 
discortmuity.  This  can  be  verified  by  ntrasuring  die  difforen- 
thdconcai  transfer  ratio  a  »  d/c/d/a  versus  Kj^at  Vcb  ~  0, 
as  diown  widi  die  dadied  lines  in  Hg.  2(b).  At  die  onset  cS  a 
(or  the  collector  carreat)  die  emitter  Ferad  levd  crosses  the 
collector  barrier  peak,  and  cVm  at  the  onset  determines  die 
collector  barrier  he^  above  die  Fermi  level  in  die  base  (128 
meV).  Uring  45  meV  fix  die  Fend  energy  in  die  base,  we  find 
a  ooQeclor  barrier  hd||d  of  173  meV.  In  a  rindlar  device  but 
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<b) 

Hg.2.  MOBVaican««-«aliiteGiMnMeriiiiciof*i4a*te«77K.nB 
pvMMiar  ii  ihe  i^jeciiOT  concM //.  <b)  DifltoMitl  c«ml  pii  a  Md  te 
dwivMi»eaftf»cMdtrcwwiiwnMslhti^|Bctio«iwlaBB  Kw.aiiNrad 
«  77  K.  Ftomd  abo  are  the  OHM  of  the  a*s  of  the  tans  dcvin  ad  «MiHr 
with  x(A]As)  >  15  perocai  for  Va  "  0  (dooed  Ite).  Cakaiaiad  peak 
poekiaa  k  da  eaaiaer  coadoctaaoe  aie  aafcad  kjr  *a  wifeal  ban. 

witlix(AlAs)  *  15  percent  (also  shown  in  Rf.  2(b)).  a  barrier 
height  of  213  meV  is  determined.  Using  dw  oondnotioii-band 
disconthnihy  AEc  »  0.67A£o  C2]>  [7]  for  OaAs/AlOaAs 
bemoatiuctDre,  we  get  A£c  between  h^uGiojsAs  and  OaAs 
of  some  90  meV,  or  7.3  meV/l  percent  of  laAs.  For  Foa  « 
0.2  V,  the  device  shows  a  rather  uniform  a  -  0.97,  with 
stroqg  resonance  peaks  thm  reach  unity.  Note  dwt  o  near  its 
onset  rises  nqpidly  over  dxwt  60-80  meV,  a  characteristic 
feature  of  ballistie  distributions  -60  meV  wide  [8].  The 
resonances  in  o  ate  due  to  the  **vittual  stales”  in  the  thin 
qnantum-wdl  base  [9],  resultmg  from  intetfetence  effects  of 
die  ballistic  electrons  passing  over  die  collector  barrier  (small 
qnannan  mediaiiical  tefiecdoos  from  the  collector  barrier 
form  diese  states).  These  resonances  are  also  visible  in  the 
tunneling  cunemt  h^ected  into  die  base,  as  riwwn  in  (be 
dmivstive  of  Ig  with  teqiect  to  Vgg  in  Rg.  2(b).  For  m*  « 
0.061m„  where  m«  is  die  free  electron  mass,  die  peak 
poshions  agree  feitiy  well  with  the  quasi  two-dimensiomd 
sifeband  energies  criculated  for  a  square  weD  base  [1]  (see 
Rg.  2(b)).  Note  feat  the  strong  peaks  obaerved  riso  indicate  a 
luge  fraction  of  ballistic  dectrons. 

We  attrimte  the  high  a  parriculariy  to  die  large  r-L  eneigy 


(b) 

Hg.  5.  (a)  Oapat  ctancmiHics  ia  itimiw  nidwr  coafifuMka.  (b) 
Carnal  gka  k  ddi  coafiganika  v  •  tbacika  of  the  iajamaa  voki^ 
rascirias  a  aanlaaiBi  of  41  ai  ika  daaibotd  far  L  valley  naafar. 

separation  Erg.  The  typical  drop  commonly  observed  in  a 
when  the  ii^ection  energy  exceeds  £rt  [3]  was  difScuh  to 
observe  here  due  to  the  thin  base.  Ifowever,  a  distinctive 
teductioo  was  observed  in  the  differential  cuncat  gain  in  a 
common-emitier  confignratioo  (CEQ,  -  dlc/dlg,  where 
/p  is  the  base  currem.  The  output  diatMetistics  the  device  in 
CEC  are  shown  in  Rg.  3(a),  exhiUting  a  radier  high  output 
conductance.  ^  is  {dotted  in  Rg.  3(b)  as  a  functioQ  of  Vu 
vriiere  Kcs  is  a  parameter.  The  transfer  to  die  L  valleys  can  be 
dearly  identified  when  readies  a  maximum  and  sidiee- 
quendy  drops  diarply.  fi  readies  a  maximum  of  41  atKcs- 
0.7  V  and  Kw  w  360-365  mV  (at  77  K,  -  27  at  the  same 
•pfHei  voltages).  A  rinqde  exponential  dqiendence  of  the 
stdic  current  gain  (/c//s)  on  the  base  thickness  leads  to  a 
mean-free  path  (ni4>)  for  ballistic  tranqiott  larger  than  300  mn 
at  4.2  K  just  bdow  the  thresbdd  for  L  vall^  ttander.  A 
shnilar  device  but  with  heavier  doping  in  die  base  (1  x  10" 
cm'*)  and  15  percent  AlAs  mole  fraction  in  die  collector 
barrier  had  a  maximum  current  gain  (rf  17  at  77  K  and  21  at  4.2 
K  (a  ndp  of  some  360  am).  We  attribate  the  resultant  long 
mfe’s  to  the  quasi  two-dimenrional  mtture  of  die  base,  thus 
leading  to  reduced  scattering  events  {10].  Eri  can  be  found  by 
adding  the  Fermi  oiergy  (45  meV)  to  die  direahidd  (360-365 
meV),  and  subtfacth^  an  LO  zone  edge  idionon  energy  (28 
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>ncV)  [3].  This  leads  to  En  ^  380  meV  in  the  strained 
IiiO;i20tio.HAs  (we  have  found  befiHC  En  410  meV  in 
stnined  Iiio.isGao.isAs  layers  [1]). 

To  conclude,  with  the  introduction  of  the  InGaAs  pseudo- 
mofphic  base  in  a  ballistic  hot-«lectit»i  device,  high  gain  (41  at 
4.2  K),  tttributed  mainly  to  a  large  F-L  energy  sq>anti<m  (^ 
380  meV),  was  realized.  Furdier  increase  in  the  F-L  miergy 
sqnration  might  enaUe  even  higher  gains.  The  devices  exhibit 
strong  quantum  size  effects  due  to  the  large  fraction  of  ballistic 
electroos  traversing  the  21-nm  base. 
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hMrt  gat  raactiva  Ion  atching  damage  to  GaAa  using  inverted  heterojunctions 
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(Received  12  S^teidm  1988;  aocqrted  for  publketioD  24  October  1988) 

Selectively  doped  Inverted  heterctjunctioiis  containing  a  two-dimensional  electron  gas  were 
used  as  a  sensitive  vehicle  for  monitoring  dry  processing  damage.  We  found  that  the  electron 
slmt  concentration,  strongly  dependent  on  the  total  number  of  carriers  in  the  GaAs  cap  layer, 
and  the  mobilities  were  significantly  depressed  even  for  very  short  exposures  to  fow-voltage 
helium  plasmas,  Argon,  which  cau^  kas  degradation  than  helium,  was  found  to  increase  the 
sheet  carrier  concentration  and  hence  the  mobility  after  prolonged  exposure.  The  damage 
mechanism  leqionsibie  for  the  carrier  loss  in  both  cases  is  most  likely  the  production  of  traps. 

The  subsequent  carrier  increase  seen  for  the  argon  case  is  probably  attributable  to  the  creation 
of  a  very  t^  donorlike  damage  layer  on  the  surfoce  of  the  OaAs  cap  layer. 


GaAs/AlOaAs  heterostructure  devices  are  susceptible 
to  electrical  damage  caused  by  dry  etching.'  The  damage 
beoMnes  more  evident  as  the  epitaxial  layers  are  reduced  in 
thickness.  The  tunneling  hot-election  transfer  amplilkr 
(THETA)  device,^  whose  base  dimensions  have  decreased 
by  80%  since  first  fabricated,  experiences  carrier  depletion 
after  reactive  ion  etching  (RIE)  at  low  dc  self-bias  voltages. 
Previous  work^  related  the  Cartier  depletion  in  the  base  layer 
of  the  device  to  overetching  at  an  etch  stop  layer.  That  study, 
however,  did  not  exfdore  the  role  of  the  inert  buffer  gas  in 
causing  damage.  other  wofk'*^  did  study  the  effect  of 
inert  gas  ion  damage  on  OaAs,  this  communication  exam- 
ines  the  paitkular  effect  of  km-voltage  inert  gas  jdasmaa  on 
the  sheet  carrier  concentration  and  dection  mobility  in  he- 
terostmetares. 

The sdectively  doped  inverted  heterryunction  (SDIH)* 
aamides  used  for  this  study  were  grown  by  molecular-beam 
epitaxy  (MBE).  An  undo^  OaAs  buffer  layer,  grown  on  a 
semi-insolating  OaAs  ( 100)  substrate,  is  fdlowed  by  a  thick 
(8S.6  nm)  AluOag^sAs  spacer  layer.  This  spacer  prevoits 
the  formatiooofa  two-dimensional  electron  gas  (2DEO)  in 
the  OaAs  buffer  layer.  A  10-nm-thick  layer  of  ff'''-type 
(lx  lO'Vcm*)  Si-doped  AluOaas  As  fdlowed  by  a  6-nm, 
nndoped  AloLjOaias^  spacer  layer  comes  next  Ihe  struc¬ 
ture  is  comideted  with  a  100-nm,  undoped  OaAs  layer  and  a 
32-nm  R'''-Qrpe  ( 1 X  lO'Vcm’)  OaAs  cq)  layer.  This  OaAs/ 
AlOaAs  hetoostructnre,  which  serves  as  the  diagnostic  tool 
in  this  sttnly,  has  a  sin^  2DEO  located  in  the  OaAs  (m  top 
of  the  AlGhiAs  layer.  In  this  type  of  structure,  the  2DEO 
concentration  at  the  OaAs/AlGaAs  interfooe  is  criticaUy 
dependent  on  the  number  of  carriers  in  the  OaAs  cap  layer. 

Square  ( lOOX  100  ;im^)  van  der  Pauw^  patterns,  Ihho- 
gr^diically  ^fined  and  mesa  etched  on  the  heterostructure, 
had  ohmic  contacts  [AoOe(120nm)/Ni(20nm)/Au  (200 
nm)]  allt^ed  at  4S0*C  to  the  edges  of  the  squares.  After 
chemkal  or  inert  gas  km  etch  prooessiiig,  van  der  Pauw 
squares  were  mounted  on  headers  and  bonded  at  a  tempera¬ 
ture  of  160  *C.  The  HaU  mobility,  measured  oa  as-grown 
samides  at  77  K  in  the  daric,  was  34  4(X)  em’/V  s  with  a  sheet 
carrier  concentration  of  6.7x  10"/cm^  The  solkl  dots  in 
Fig.  1  represent  these  results. 

The  samples  used  as  a  baseline  for  the  experiment  had 


their  cap  layers  etched  in  a  3:1:50  phoqihotk  add  etch 
(phosphoric  add:  hjrdrogen  peroxide:  water)  maintained  at 
0*C  This  etch  removes  30  nm  of  OaAs  per  minute.  Etdi 
times  ranged  from  S  to  30  s.  The  S-s  etch  samples  displayed  a 
(focrease  in  the  number  of  2DEO  carriers  and  a  ^ght  in¬ 
crease  in  the  mobility.  Thia  suggests  some  parallel  conduc¬ 
tion  in  the  as-grown  hetcrostructure.  The  other  chemically 
etched  samples  showed  reduced  sheet  carrier  concentrationt 
as  well  as  decreased  mobility  as  mote  of  the  aq>  layer  was 
removed.  The  solid  trian^es  in  Rg.  1,  with  the  etch  timM 
listed  next  to  eadi  point,  rqneaent  these  data. 

Thedecreaaeinsheetcarrierooocentrationwiththerr- 
dnerion  in  cap  layer  thidoseas  is  attributaMe  to  the  systemat¬ 
ic  removal  of  curiers  from  this  layer  which  caused  an  in¬ 
crease  in  the  dqdeiion  layer  width  at  the  surihee.  Simple 
modding  results,  using  a  beteroatiuctnie  simulator  which 
solves  the one-dimensioiial  (ID)  Poisson’s  equation  for  the 
potential  and  uses  Fermi-Dirac  statistics  to  determine  the 
charge,  show  a  rednetioa  in  carrier  concentration  with  a  de¬ 
crease  in  cap  layer  thidcneH.  Plotted  as  a  line  in  Fig.  2(a)  is 


FIO.  t.IiaUiiia)iilityploacdvtcsriierooiioaitntioa(brtheat-srawBiai- 
pIcK  (•),  the  dMtptoric  acid  etched,  baeeliiie  eamplei  (A),  the  heiiiia 
expose  templee  (g),  and  the  arfoa  exposed  taaqte  (■).  Note  that  Oe 
experineatal  pointe  tend  to  lie  on  a  hae  mnnini  dhifaoally  thnafh  Ae 
Igore. 
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Doner  Dtmify  (/cm^ 


no.  2.  Simulatian  ittultt  for  a  SDIH  ttnictuie  at  77  K.  (a)  The  iheet 
carrier  ooooeiitimtiaa  as  a  fonction  of  the  OaAa  cap  byer  thickiiets  it  plot¬ 
ted  at  a  Uae.  The  ttdid  ttbaflet  ate  the  experimental  data  pointt  derived 
ftom  the  photphoric  add  etch  letuht.  (b)  Hot  of  the  increaae  in  the  theet 
carrier  concentration  at  the  denthy  of  donortike  trapt  b  inetcated  within  a 
thin  (1.5  and  2.0  nm)  ratface  hyer  of  the  OaAt  cap. 


the  data  derived  from  this  simulation  which  qualitatively 
agree  with  the  phosphoric  acid  etch  data  plotted  as  solid 
triangles.  The  decrease  in  mobility  is  directly  related  to  the 
decrease  in  sheet  carrier  concentration  because  of  the  screen* 
ing  effect  produced  by  the  dectrtm  gas.  A  density  reduction 
in  this  electron  gas  results  in  increased  scattering  and  a  sub¬ 
sequent  mobility  decrease. 

The  SDIH  van  der  Pauw  squares,  subjected  to  helium 
and  argon  plasmas  under  RJE-like  conditions,  helped  to 
quantify  the  electrical  damage  caused  by  the  inert  gases.  The 
reactive  ion  etching  system  is  a  conventional,  parallel  plate 
reactor  described  elsewhere.^'*  The  van  der  Pauw  samples 
were  first  exposed  to  a  helium  plasma  under  conditions  simi¬ 
lar  to  those  used  to  etch  the  THETA  devices.  These  condi¬ 
tions  include  a  flow  rate  of  6  seem,  a  pressure  of  1 S  mTorr,  a 
dc  self-bias  voltage  of  —  85  V,  a  power  density  of  0.03  W/ 
cm^  and  an  exposure  time  of  IS  s.  Although  no  measurable 
etching  of  the  heterostructure  surfaces  took  place,  these 
samples  showed  extensive  reductions  in  sheet  carrier  con¬ 
centration  and  mobility.  A  dc  self-bias  voltage  of  —  SOV.at 
a  pressure  of  IS  mTorr,  a  power  density  of  0.01  W/cm^and 
plasma  exposure  times  of  7  and  IS  s  were  the  next  set  of 
hdium  parameters.  The  sheet  carrier  concentration  and  mo¬ 
bility  were  low  but  not  to  the  extent  of  the  —  85Vcase.The 
lesuits  fw  these  samples,  plotted  as  solid  diamonds  in  Fig.  1, 
lie  iq>proximately  on  a  line  with  the  results  for  the  chemically 
etched  samples. 

The  van  der  Pauw  surfaces  exposed  to  an  argon  plasma 
at  a  flow  rate  rtf' 6  seem,  a  pressure  ^  1 S  mTorr,  a  dc  s^-bias 
of  —  SO  V,  and  a  power  density  of  0.01  W/cm^  for  times 
ranging  from  10  to  40  s  displayed  less  degradation.  Figure  1 
shows  the  argon  data,  plotted  as  solid  squares,  clustering 
between  and  aj^noximately  on  a  line  with  the  S-  and  10-s 
phosphoric  acid  etch  results.  The  sheet  carrier  concentra¬ 
tions  and  molNlities  are  dightly  less  than  the  as-grown  sam- 
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pies,  however  these  quantities  both  increase  as  the  pUsma 
exposure  time  increases. 

The  expnimental  daU  points,  for  the  most  part,  lie 
along  a  line  that  runs  diagonidly  through  Fig.  1.  lliis  sug¬ 
gests  that  the  mechanism  for  the  sheet  carrier  concentration 
and  mobility  decrease  in  the  ion  exposed  samples  is  similar  to 
that  in  the  chemically  etched  baseline  samp^  This  mecha¬ 
nism  is  carrier  loss  in  the  cap  layer.  In  the  chemically  etched 
samples,  carriers  are  systematically  removed  from  the  cap 
layer.  The  generation  oi  traps  by  ions  and  photons*  that 
compensate  the  dopant  in  the  GaAs  c^>  layer  ^rpears  to  be 
respmisible  for  the  carrier  loss  in  the  plasma  exposed  sam¬ 
ples.  Trap  generation  induced  in  OaAs  has  bera  observed 
and  characterized  for  various  dry  etching  techniques.'** 

The  experimental  results  indicate  that  the  low-voltage 
helium  and  argon  plasmas  affect  the  heterostructure  sam¬ 
ples  differently.  The  helium  damage  (  —  SO  V  and  7  s)  is 
equivalent  to  the  removal  carriers  from  the  cap  layer  and 
reduces  the  number  of  carriers  in  the  2DEG  by  about 
3xl0"/cm^  A  IS-s  exposure  results  in  a  loss  of  about 
Sx  10"/cm*  carriers.  Argon,  after  an  initial  loss  of  about 
2X  10’'/cm^  carriers,  shows  an  increase  in  carrier  concen¬ 
tration  and  mobility  with  increased  exposure  times.  Figure  3 
shows  an  expanded  view  oftheargem  data  from  Fig.  1.  Listed 
beside  each  point  is  the  plasma  exposure  time.  A  probable 
explanation  f  >i  the  carrier  increase  in  the  2DEG  is  the  cre¬ 
ation  c^a  high  density  of  donorlike  traps  at  the  surface  of  the 
GaAs  cap  layer  by  the  prolonged  argon  bombardment. 
Modeling  results  given  in  Fig.  2(b)  show  an  increase  in  car¬ 
rier  ooncentratian  as  the  density  of  these  donorlike  traps  is 
increased  within  a  thin  layer  at  the  GaAs  cap  surface.  The 
results  from  the  argm  experiments  represent  a  balance  be¬ 
tween  the  carrier  loss  in  the  cap  layer  and  the  creation  of  the 
donorlike  damage  layer.  In  Fig.  3,  the  10-s  argon  exposure 
resulted  in  a  loss  of  about  2xl0"/cm^  carriers  in  the 
2DEG.  Shorter  argon  exposure  times  might  have  shown 
greater  depletion.  Longer  times  show  the  effect  of  the  surface 


(x10”/em*) 


FIG.  3.  The  Hall  mobility  fw  the  xamplea  expoied  to  aa  arson  plasma  are 
plotted  vs  carrier  ooDcentratioa.  The  variout  ejqwrare  timet  are  listed  next 
to  the  experimental  points.  For  these  samples  the  effect  of  longer  bombard¬ 
ment  times  increases  the  effective  carrier  concentration  and  the  mobility. 
The  as-grown  values  (•)  are  plotted  as  a  guide. 

Knosdisr.  Osterling.  and  HeMum  1801 


■lodttBatioB  wMl  as  i^parent  liiiiit  to  the  cankr  ineieiie. 
The  niobQ^,  however,  oontinues  to  increue  end  ap* 
proaches  the  vahie  of  the  as-frown  aam|des  plotted  as  s<^ 
dots  is  Fig.  3.  It  has  been  sii|gested'*  that  arseak  defdetioB 
at  die  OaAs  snrftce,  with  the  arsenic  vacancies  having  a 
donor  character,  is  responsjbkibr  the  ddnwlike  damage  lay» 
er. 

The  sheet  carrier  concentration  and  hence  the  mobility 
of  the  2DEO  in  heterostructure  devices  is  critkally  depen* 
dent  on  the  int^ty  of  sur&ce  e|»taxial  layers.' It  is  impor¬ 
tant  to  understand,  therefore,  that  even  low- voltage  plaunas 
can  drastically  alter  the  conduction  of  a  2DEG.  Abo,  for 
some  device  structures,  thermal  {nocessing  for  damage  re¬ 
moval  b  not  feasible,  so  care  b  recommended  when  employ¬ 
ing  inert  gases  for  cleaning  and  buffering. 

In  oonduston,  we  have  examined  the  damage  caused  by 
low-voltage  helium  and  argon  plasmas  on  an  inverted  het- 
erostructure.  Helium  severely  degraded  the  sheet  carrier 
concentration  and  the  mobility  <ff  the  20E0  at  a  dc  sdf-bias 
voltageofonly  —  8SV  for  IS  s.Arg(»  damage  was  linuted, 
with  extended  bombardment  causing  an  increase  in  the  car¬ 
rier  concentration  and  the  mobility.  Thb  increase  b  most 
probably  due  to  the  creation  of  a  thin,  donorlike  damage 
byer  at  the  surface  of  the  GaAs  cap  byer.  Future  studies  will 


examine  the  effects  of  other  mert  gases  on  heterostructurcs 
containing  a  2DEO. 

The  authors  would  like  to  adcnowledge  very  useful  db- 
OMsions  with  J.  Stasiak,  T.  Hickmott,  T.  F.  Kuech,  D.  J. 
Frank,  H.  Hovd,  and  S.  Tiwari,  and  the  hdp  of  A.  C  War¬ 
ren  for  hb  heterostructure  modding  (HETMOD)  program. 


'A.SchcTCr,  M.  L.  Rouko.  H.  O.  Ctaifhead.  R.  M.  Rnthen.  E  D.  Beebe, 
•ad  J.  P.  Haitiiea,  AppL  Phy*.  Lett  St,  2133  (1917). 

*14.  Hefthwi.  D.  C  Thooiee,  C  M.  Kaoedler,  end  M.  L  Nethea,  AppL 
Pliyt.Lea.47,  Il03(l9t3). 

^  M.  Kaoedler,  E  Oeteriiag,  aad  H.  Shtrikmaa,  3.  Vac.  Sd.  TeehaoL  B 
1373  (l9tS). 

^  W.  Paas.  I.  Bacaodiem.  Soc.  133, 7S4  (1986). 

W.  Paas.  M.  W.  Ocit,  N.  N.  Efremow,  aad  O.  A.  Liaoda.  I.  Vac.  Sei 
TachaoLB3,39S(198S). 

*R  Shtrilaaaa.  M.  HciMiaa,  K.  Seo,  D.  E  OaM,  aad  E  Ooeriias.  3- Vac. 
Sei  TeekaoL  B  6, 670  ( 19U). 

T.3.  *aaderPauw,PbilipeRct.RepL13. 1  (1938). 

*C  M.  Kaoedler  aadT.  F.  Kuedi,3.  Vac.  Sd.  TechaoL  B  4. 1233  (1986). 
*E  M.  Ephrath  aad  D.  3.  DiMaria,  Solid  Stale  TechaoL  24, 182  ( 1981). 

W.  P^  O.  A.  Liaoola.  E  W.  MeCleUaad.  P.  D.  DcOraff,  M.  W.  (Sea, 
aad  W.  3.  Piaocatiai.  3.  Vac.  Sd.  Technol.  B 1  1334  (1983). 

"K.  Yamasaki  K.  A^  K.  Shimada,  aad  T.  Makimura,  3.  Electrocbeai. 
Soc.  129. 2760  (1982). 

'^.-X  Waag  aad  P.  H.  HoUosmy,  3.  Vac.  Sd.  Techaol.  B  E  613  ( 1984). 


Transport  in  revtesibly  laser-modified  YBagCugOr.x  superconducti 
thin  films  \  y/ 

Robert  R.  Krehnavek 

BeOoon.  Morris  Research  atuh^^auering  Center,  445 South  Street.  Morristown,  New  Jersey  OytfO^I^l 

Siu-Wai  Chan, C. T.  Rogere^^  De Rosa, M. K.  Keiiy, P. F.  Miceli, and S. 

Bellcore,  Naoesink  Research  and  ffngfawnng  Center.  331  Neuman  Springs  Road,  Red 
New  Jersey  07701-7020  \  ^ 

(Received  22  August  1988;  accepted  M>|wblication  10  October  1988)^r 

A  focused  argon  ion  laser  beam  in  a  contixMlbd  ambient  b  used  to  mdeUfy  the  transport 
properties  of  superconducting  Y6a]Cu307_,  thin  films.  The  laMf^odified  region  shows  a 
sha^  transition  temperature  ( T,  s76  K)  that  braduced  firop^e  unmodified  regions  of  the 
film  (TesS?  K)./ns/n<  monitoring oftheromn-talperatifK electrical  resbtance  bused  to 
control  the  laser  processing  and  prevent  formation  of  tM^niconducting  phase.  The  original 
properties  of  the  superconducting  film  can  be  recover^by  pl^pia  oxidation  indicating  that 
the  laser-induced  phase  b  oxygen  deficient  ^  N,. 


Ebctronicsbapotentiallyimportantareafo^Btureap- 
plicatimisofthe  high  transition  temperature  (TyMupetcon- 
ductors  based  on  the  La-Ba  cuprates  discoverpd  by  Bednorz 
and  Mulkr,'  and  the  Y-Ba  cuprates  discowpra  by  Wo  era/.^ 
These  potential  applications  will  rely  heavi^  (m  the  ability  to 
make  and  process  thin  films  of  these  mtmiab  and  control 
their  local  tranqiort  properties  on  a^croscopic  scale.  In 
thb  communication,  we  report  onm  transport  properties  of 
superconducting  Y^Cu,C>7  _  ^  fflhns  that  have  bera  locally 
modified  by  laser-induced  heating  in  a  controlled  eminent 


In  contrast  to  prenlf^  woik,^  we  demonstrate  that  the 
laser-modified  film  neefi^ot  be  driven  to  the  insubting  re¬ 
gion  of  the  phase  diagran^ut  may  be  controlled  in  such  a 
way  as  to  p^uce  a  supermducting  phase  with  a  reduced 
and  well-d^ed  transition  t«l|^mture.  Thb  opens  the  pos- 
ribility  of  controlling  critical  cuimt  and  making  weak  links. 
Furthermore,  by  placing  the  bs^modified  sample  in  an 
oxygen  plasma,  the  original  film  prop^es  can  be  recovered 
leading  os  to  believe  the  laser-induced  phase  b  oxygen  defi¬ 
cient 
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Lateral  BaUistk  TVaasport,  aad  Spcctroacopy  la  a  TiraJIlBMaiaMd  Eledraa  Gas 

A  Palevsld,  M.  Hctbltun,  C.  P.  Umbadi.  C.  M.  Knoedkr,  A  N.  aad  R.  H.  Kodi 

/ail/  Restareh  Division,  T.  J.  Wotson  Rtssarek  Ctnttr,  YoHaemm.H*^lus.  Now  York  10598 

OUorivM  7  Novcaitaf  I9tt) 

We  report  e  direct  obiervatioii,  via  electron  enerfy  spectroaoopy.  of  htetal  tiiweiina  aad  lateral  baUic* 
tk  electron  transport  in  a  two-dimensiooal  electron  gas  (2D  EO).  This  was  acoonvikhed  through  the 
use  of  a  novel  transistor  structure  employing  two  potential  harriers,  iadurad  by  S0-m*vride  aietal  gata 
deposited  on  a  GaAs/AICaAs  selectively  doped  h^rostructure.  Hot  electrens  with  very  narrow  energy 
distributions  (w>S  meV  wide)  have  been  observed  to  baliistically  traverse  2D  EG  regions  *170  am  wide 
with  a  mean  free  path  of  about  480  nm. 


PACS  aumbetr  73.40.Gk,  73.20.Dx 

Ballistic  transport  of  hot  electrons  was  established  re¬ 
cently  in  H  ''’-type  GaAs  by  the  use  energy  spectrosco¬ 
py  in  a  hot-electron  structure. '  These  experiments  util¬ 
ized  an  injector  at  one  end  of  a  traiuport  region  and  a 
spectrometer  at  the  other  end,  with  the  electrons  moving 
normal  to  the  |dane  of  the  layers  (vertical  transport). 
This  technique  proved  to  be  very  powerful  since  it  per¬ 
mitted  the  energy  distribution  and  the  mean  free  path  of 
the  ballistic  electrons  to  be  determined.  The  very  recent 
demonstration  of  quantized  resistance  in  a  confined 
quasi-two-dimensional  electron  gas  (2D  EG)^^  strongly 
suggests  ballistic  transport  of  electrons  near  equilibrium 
parallel  to  the  interface  between  the  layen  (lat^  trans¬ 
put).  We  report  here  the  first  utilization  of  an  energy 
spectroscopy  technique  to  establish  directly  lateral  tun¬ 
neling  thrwgh  an  induced  potential  barrier  and  the  ex¬ 
istence  of  lateral  ballistic  transport  in  a  2D  EG.  This 
was  done  by  inducing  two  closely  spaced  potential  bar¬ 
riers  in  the  2D  EG  via  two  narrow  &hottky  metal  gates 
deposited  on  the  surface  of  the  structure.  One  barrier 
wu  employed  as  a  tunnel  injector  and  the  second  as  a 
spectrometer.  We  have  measured  narrow  hot-electron 
distributions  baliistically  traversing  lateral  2D  EG  re¬ 
gions  170  nm  wide,  and  have  estimated  their  mean  free 
path. 

Several  structures  were  made  on  a  selectively  dq)ed 
GaAs/Al(}aAs  hUerostructure  grown  by  molecular- 
beam  epitaxy.  On  top  of  an  undoped  GaAs  buffer  layer, 
an  undoped  AlGaAs  layer  (SO  nm  thick,  AlAs  mde  frac¬ 
tion  x*34%)  was  grown,  ftdlowed  by  a  thin  heavfly 
doped  GaAs  cap  layer  (IS  nm  thick).  A  sheet  of  Si 
atoms,  with  an  areal  density  of  *2R  lO'^  cm  was  de¬ 
posited  under  overpressure  As  when  growth  of  the  Al¬ 
GaAs  was  interrupted  (|danar  doping),  30  nm  away 
from  the  GaAs  buffer  layer,  these  supply  the  electrons  in 
the  2D  EG  (Fig.  1(a)].  The  2D  EG  had  a  carrier  densi¬ 
ty  of  3xl0"  cm~^  and  a  mobility  of  3x10*  cmWsec 
at  4.2  K.  Two  parallel  AuPd  gates,  each  S2  nm  wide 
and  0.S  ym  long,  were  patterned  93  nm  apart  using 
electron-beam  nanolithograidiy,  on  a  S-/tm-wide  isolated 
2D  EG  line  [Fig.  1(b)].  Ohidc  contacts  were  made  to 
the  three  regioos  defined  by  both  gates.  Biasing  the 
gates  negatively  with  respect  to  the  central  region  be¬ 


tween  them  (called  the  base)  deideted  the  2D  EG  under¬ 
neath  the  gates  and  prevented  the  free  motion  of  the 
equilibrium  electrons  anmng  the  three  regions  (emitter 
(ff),  base  (B),  and  collector  (C)].  The  potential  barriers 
shown  in  Fig.  1(a)  give  an  approximate  guide  to  the  po¬ 
tential  shape  for  different  gate  vdtages  (which  are  about 
-K).S  V).  The  separation  between  the  Fermi  level,  Ef, 
and  the  conduction  band  outside  the  base  is  10.7  meV. 
In  the  base  this  separation  can  be  substantially  smaller, 
and  the  actual  conductive  width  of  the  base  (always 
smaller  than  the  geometrical  separation  between  the 
gates)  was  roughly  estimated  to  b^  for  example,  70  nm 
when  both  barriers  were  10  meV  above  the  Fermi  level 
(Fig.  1(a)].  Since  this  distance  is  similar  to  the  average 
electron  Fermi  wavelength  in  the  base,  the  base  electrons 
are  expected  to  be  quasi-one-dimensionaL 
Wi^  no  applied  gate  voltages,  the  measured  resis¬ 
tances  at  4.2  K  among  all  three  terminals  (£,  B,  and  O 
were  a  few  IdltAms  and  constant  with  the  applied  termi¬ 
nal  voltage.  As  the  emitter-  (or  collector-)  gate  voltage, 
VgE  (or  Kcc)  was  made  negative  with  respect  to  the  base 
(which  was  the  reference  in  all  our  measurements),  the 
emitter  current,  /f,  supidied  by  a  source  Ff*  (or  the  col¬ 
lector  current,  Ic,  supplied  by  a  source  Vea)  decreased. 
For  gate  voltage  Voe  (or  Vec)  <  ~0.4  V  the  resistance 
under  the  gate  became  very  nonlinear  and  approached 
lO'-lO*  n  at  low  voltage  bhown  by  U  vs  Vga  in  Fig. 
2).  Simple  WKB  calculatkms  of  the  tunneling  currents 
through  square  barriers  SO  nm  wkle  and  20  meV  high, 
resembling  our  barriers,  resulted  in  similar  tunnding 
resistances.  The  occurrence  ci  tunneling  through  the 
barrkrs  will  be  revisited  and  verified  later  in  more  detail 
When  only  the  emitter  barrier  was  formed  (Voe  <  ~0.4 
V,  Vcc^O),  the  onitter  current  /f,  which  resulted  from 
a  o^ative  Vee,  split  into  !§  and  Ic  in  the  ratio  of  the 
base  and  collector  resistances  of  the  2D  EG  (note  that 
Kc9**0  V).  When  the  spectrometer  barrier  was  also  in¬ 
duced  iVcE  <  “0.4  V,  Koc<  ”0.4  V),  the  current  in 
the  collector  remained  practically  zero  (and  /«  —/f)  un¬ 
til  I  Vee  I  exceeded  a  certain  value  (collector-current  on¬ 
set  value).  Thereafter  it  increased  sharply.  As  seen  in 
Fig.  2,  the  onset  value  increased  as  |  Vcc  \  increased  and 
was  similariy  affected  by  an  apidied  small  Vce.  These 
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FIG.  I.  (a)  A  crots*sectional  cut  allowing  the  lelectively  doped  atructure  and  the  gatea  on  top.  Underneath  ia  plotted  the  potential 
ahape  in  the  lateral  direction  ahowing  injector  end  ipectrometer  hanien.  Aa  Ve  becane  more  negative  the  potential  barrier  in* 
creaaed.  (b)  A  acanning  electron  micrograph  ahowing  the  gate  configuration,  (c)  A  achema  Jc  description  of  the  potential  distribu¬ 
tion  for  a  biased  device,  Vgg  <  0  and  Vcb  >  0. 


observations,  which  clearly  resulted  from  changes  in  the 
spectrometer  barrier  height,  Oc,  demonstrate  that  the 
abrupt  onset  of  Ic  is  due  to  energetic  electrons  that  sur¬ 
mount  the  spearometer  barrier  potential  bee  Fig.  1(c)]. 
Considering  the  small  distance  between  injector  and 
spectrometer  barriers,  a  fraction  of  the  electrons  injected 
from  the  Fermi  level  in  the  emitter  was  expected  to 
traverse  the  base  ballistically,  leading  to  collector- 
current  onset  at  eK£s*<bc>  where  Oc  is  the  collector 
barrier  height.  This  allowed  us  to  measure  Oc-  a  result 
we  can  use  to  further  verify  the  existence  of  ballistic 
transport  and  find  the  actual  fraction  of  ballistic  elec¬ 
trons  arriving  at  the  collector. 

We  have  performed  electron  energy  spectroscopy 
by  varying  the  spectrometer  barrier  height  with  Vcb. 
lie  collected  current  is  given  by  Ic^AjS’^eniE) 
xv(E)dE,  where  A  is  the  area,  h(E)  is  the  energy  distri¬ 
bution  of  the  electrons  arriving  at  the  spectrometer,  and 
£  and  u  are  the  energy  and  velocity  associted  with  the 
electrons  traversing  normal  to  the  gates.  In  a  siaall 
enough  energy  range  o(£)  is  fairly  constant,  and  the 
electron  energy  distribution  can  be  described  by 
HiE)tcdlcid<bc  for  a  constant  injection  energy,  eFfs. 
The  same  expression .  can  be  rewritten  as 

n{E)ot{idIcldeVcB)ideVcBl  d<bc).  Figure  3(a)  (solid 
lines)  shows  a  tyincal  family  d*  4  vs  Vcb  characteristics 


for  Fee  “Fee"  ”0.5  V  and  different  injection  energies, 
all  chosen  to  be  higher  than  the  unbiased  spectrometer 
barrier  height  (for  K£s"0  V,  /c“0  in  the  range  of  in¬ 
terest).  For  Fes  >  0,  the  collector  current  increased  only 
slowly  as  Fes  increased,  suggesting  that  most  of  the  hot 
electrons  had  energies  higher  than  the  unbiased  potential 
barrier  height.  When  the  polarity  d  Fes  was  reversed, 
leading  to  an  increase  in  Oc,  the  collector  current  de¬ 
creased  slowly  initially,  followed  subsequently  by  a  sharp 
drop  to  zero  over  a  range  of  a  few  mV.  This  behavior  in¬ 
dicates  that  electrons  with  a  narrow  energy  distribution 
were  cut  off  by  the  spdctimneter  barrier.  Before  ela¬ 
borating  more  on  the  shape  of  the  energy  distribution  we 
would  like  to  note  that  for  injector  barrier  heights  small¬ 
er  than  some  20  meV  {Vce  >  — O.S  V)  the  behavior  was 
quite  different,  as  shown  for  two  lower  injector  barrier 
heights  (dotted  lines  in  Fig.  3(a)].  The  collector  currents 
became  zero  at  the  same  negative  Fca  (and  thus  the 
same  Oc)  for  the  three  cases.  This  indicates  that,  even 
though  the  nature  of  the  injection  in  each  case  may  have 
been  different,  the  highest  energy  of  the  injected  and  col¬ 
lected  electrons  was  always  determined  by  eF££.  The 
absence  of  a  *‘knee”  observed  fci  the  lower  injector  bar¬ 
riers  indicates  that  the  injected  distributions  were  broad, 
extending  from  the  injection  energy  eF'££  and  below,  and 
were  not  the  result  of  tunneling.  It  is  quite  possible  that 
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8p«eti«iMt*r  VcHUo*,  Vca  (mV) 


InjMtlon  VoKag*.  (rrtV) 

FIO.  2.  The  collector  cuneat  /c  as  e  fnnctioa  of  the  iitjee- 
tioa  voltage  Vu  when  the  collector-gate  voltage  Voc  and  the 
coUector-baae  voltage  Vet  serve  as  parameters.  The  current 
onset,  indicative  of  the  coUector  barrier  height,  is  stran^y 
influenced  by  both  parameters.  The  injected  current  tg  is  in¬ 
dependent  of  the  parameters. 


T-4.2K 
Vos* -OAV 
Voc-  -0.SV 


iHieo  the  injecUv  barrier  was  low,  the  appUcatkm  of  an 
iqjection  ndtage  removed  the  barrier  oomirfetely,  or 
made  it  to  narrow  that  the  injected  electron  distribotions 
were  very  broad. 

To  determine  the  ctdlected  energy  distributions  one 
has  to  change  the  energy  scale  from  tVeg  to  the  corre¬ 
sponding  height  of  the  spectrometer  barrier  Oci  mmI 
multiply  the  dIc/deVc§  curves  by  the  dtVcBfd^.  The 
barrier  heights  Oc(Pca)  and  the  factor  (UVali^c% 
summarized  in  Fig.  3(b),  were  found  from  ooUectw 
current  onset  meuurementt  in  a  similar  way  to  that  de¬ 
scribed  befdwe.  The  energy  distributions  shown  in  IHg. 
3(c)  have  a  full  width  at  half  maximum  of  about  S  meV, 
udiich  tended  to  increase  the  injection  energy  in¬ 
creased  (up  to  10  meV  for  *30  mV  (not  shown)!. 
The  peaks  of  the  distributions  shifted  whb  the  same  en¬ 
ergy  as  that  of  injection  energy  (except  the  lowest  one 
ediidi  was  obscured  by  the  lower-energy  tail),  as  expect- 


FIO.  3.  (a)  The  family  of  the  ooUector-cuneat  characteris¬ 
tics  where  /a*0,  —20,  -40,  -60,  —80  Note  the  sharp 
rise  in  the  current  (for  Kca*  — 10  mV)  followed  by  a 
moderate  rise  indicative  of  a  narrow  ballistic  distributiott.  The 
dotted  lina  are  for  lower  iqjector  harrier  hrights  and  for 
eKf»*  — 18  mV,  where  the  injected  distributions  were  very 
brood,  (h)  The  spectrometer  barrier  height  determined 
measuring  the  coOeirior-current  onsets,  and  the  drKct/d^  de¬ 
duced  from  H.  (c)  The  ballistic  distributioos  for  different  in- 
jectioo  energies  as  a  function  of  txem  normal  energy  above 
the  Fermi  level  in  the  base.  The  peaks  of  the  distributioos  fol¬ 
low  rigidly  the  injection  energy.  At  hi^Mr  |Kes|  leakage 
currents  dminated. 
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cd  in  bnOktic  tmaqiwt  The  peak  eaergiet,  wfaidi  were 
lower  by  about  3«4  meV  than  the  correeponding  Fermi 
level  in  the  emitter  (noted  by  the  croasmg  of  the  dotted 
lines  with  the  energy  axis),  and  the  narrow  distributioo 
width  (w>S  meV)  were  both  eiqwcted  for  the  normal  mi- 
ergy  distributions  injected  by  SO-nm-wide,  20-meV-high 
tunnel  barriers.*  These  results  proved  that  tunneling 
was  the  injectioa  mechaainn  in  our  induced  barriers.  At 
their  lower-energy  tails  the  distributions  rise  again,  most 
probabfy  due  to  lower-energy  electrons  that  are  excited 
from  the  Fermi  sea  in  the  base  by  scattered  (nonballis- 
tk)  electroos.*  Even  though  small-angle  elastic¬ 
scattering  events  cannot  be  excluded,  the  shnilarity  oi 
the  results  presented  here  with  the  results  that  coofirined 
ballistic  transput  in  vertical  structures,'  as  wdl  as  the 
narrow  width  d  the  electron  distributions,  strongly  sug¬ 
gests  that  elastic  scattering  in  our  lateral  structures  was 

minimal 

The  ballistic  fraction,  a,  is  defined  as  the  ratio  between 
the  number  (rf*  ballistic  electrons  collected  (the  ballistic 
current  is  Ic  at  Fee  **0  or  the  area  under  the  distribu¬ 
tion)  and  the  total  number  of  injected  electrons  (the  in¬ 
jected  current  /f).  From  Fig.  3(a)  we  find  /c//£^0.25 
at  VcM  *0,  vrtiich  is  approximately  the  ballistic  fraction 
otdlected.  Since  some  of  the  injected  current  emerged 
from  the  periidiery  of  the  injector  barrier  (where  the  sep- 
aratioo  bmween  them  increases)  and  never  surmount^ 
the  spectrometer  barrier,  the  value  0.25  was  not  ap¬ 
propriate  to  use  for  the  calculation  of  the  ballistic  mean 
fm  path  (X.).  To  minimize  the  number  of  these  '‘stray*’ 
electrons,  different  structures  where  the  cdlector  gate 
was  3  times  longer  (0.75  /im)  than  the  emitter  gate 
(0.25  pm)  were  made  (base  width  170  nm).  Carrying 
out  energy  qwctroscopy  in  these  devices,  ballistic  frac¬ 
tions  higher  than  0.7  (Ref.  7)  were  measured.  Using 
a~exp(— d|BA)~0.7,  where  dt  is  the  dfective  base 
width  for  the  hot  electrons,  we  find  XwtgSO  nm.  This 
lowm  limit  on  X  suggests  that  the  mean  free  path  of  the 
hot  electrons  is  on  the  same  order  as  that  of  cold  elec¬ 
trons.  This  might  result  in  part  from  the  relatively  low 
density  of  electrons  in  the  base  and  from  size  quantiza¬ 
tion  tfects  in  the  quasi-one-dimenskmal  base  that  may 
reduce  the  scattering  mom  sections.* 

Since  tunnding  occurred  into  a  quantized  base,  we 
have  looked  fm,  but  dkl  not  observe,  resonant  tunneling 
effects  in  the  injection  currents.*  Upon  increasing  the 
injection  energy,  but  keqnng  e  |  Ve§  \  <  we  had  ex¬ 
pected  to  see  an  enhancement  in  the  injected  current 
when  the  Fermi  level  in  the  emitter  crossed  a  bound  state 
in  the  base.  To  get  a  rough  idea  d  the  expected  posi- 
tions  of  the  states,  we  modeled  our  (kNiUe-barrier  poten¬ 
tial  with  a  sine  funetkm,  having  a  peak-to-peak  vdue  d 
30  meV  and  a  period  of  140  niiL  The  sdutions,  which 
involved  Mathieu  functions,'*  predicted  two  states  under 
the  Fermi  level  (3  and  8.6  meV),  and  five  states  above 
(14, 19, 23.5, 27,  and  29.5  meV).  Since  emitter  currmits 
could  be  measur^  only  for  Veb  <  ~~  (10-15)  mV,  only 


the  highest  two  states  (near  the  eontinuura)  could  in 
princ4ile  have  been  observed.  Because  of  the  finite  width 
of  the  distributioo  (**5  meV)  it  would  be  difficult  to 
resolve  these  states  from  the  oootinuum.  In  cases  of 
lower  barrier  heights  the  energy  sqwration  between  the 
states  was  expected  to  he  even  smaller  and  their  energy 
width  wider,  making  observation  difficult 

In  suBunary,  we  have  seen  for  the  first  time,  lateral 
tunneling  through  narrow  potential  barriers  induced  by 
thin  gates,  and  balliMic  bot^lectroo  transport  with  a 
long  mean  free  path,  in  a  two-dimensional  electron-gas 
(2D  EG)  channel  Via  the  utilization  of  an  energy  spec¬ 
troscopy  technique,  narrow  electron  diMributioo  injemed 
by  a  tunneling  barrier  were  detected,  establishing  direct¬ 
ly  ballistic  tranqxMt  and  tunneling  injeetkm.  We  esti¬ 
mate  a  ballistic  mean  free  path  for  hot  dectrons  d  about 
0.48  pm. 
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A  iMeral  liot«dectroa  device  has  been  fabricated  in  a  plane  of  a  twoKiimensiona]  electron  gas. 
The  transfer  ratio  of  the  device,  a,  aws  studied  for  different  geometrical  configurations  of  the 
emitter  barrier.  The  maximum  transfer  ratio  was  greater  than  0.99  at  4.2  K.  correqponding  to  a 
cancnt  gain  greater  than  100  for  devices  irith  base  widths  of 220  nm.  An  emission  of  a  single 
hmgitudiiial  optical  phonon,  by  the  iiyected  electrons,  has  been  observed. 


The  mmiflmg  hot-dectron  transfer  amplifier  (THE* 
TA)iBalow-|Binbalhsticdevioe.''*Ahhoughitisauaipolar 
device  its  bdiavior  is  similar  to  a  bipolar  transistor.  Benuse 
of  its  vertkal  configuratioo  the  device  has  some  drawbacks: 
it  is  diflcnh  to  fbcm  low-resistanoe  ohmic  contacu  to  the 
narrow  (~30  run)  base  avoiding  shorting  ofbase  and  coUec* 
tor,  h  is  dtficuh  to  expose  the  buried  base  avoiding  its  deple* 
tion,  and  it  is  djfikuh  to  obtain  high  gain  because  of  the  s^rt 
ballistic  mean  free  path  (mfp)  in  the  heavily  doped  base.  To 
cireumveat  some  of  these  proUettis  are  proposed  and  fabri¬ 
cated  a  novd  hot-dectron  device  (  a  *Tateral  THETA**  de¬ 
vice’)  in  the  plane  of  a  two-dunensknal,  high-motnlity  elec¬ 
tron  gas  (2DEG).  The  characteristics  of  this  lateral  device 
are  similar  to  those  of  the  vertical  device,  but  it  is  easier  to 
frbricate.  The  device  is  expected  to  have  a  higher  gain  due  to 
the  longer  mfp  of  hot  ekcdXMBS  in  the  plane  of  the  2DEG.  We 
report  here  on  the  rmlization  of  late^  hot-dectron  devices 
with  a  4J  K  current  transfer  ratio  a  greater  than  0.99,  for 
base  aridths  greater  than  200  run.  We  look  in  some  detail  at 
the  hyectian  properties  of  our  lateral  ityector  and  also  d>- 
serve  sfaii^  lAonon  emission  by  the  hot  dectrons. 

In  the  vertical  THETA  de^^  a  tunnd  barrier  injector 
emits  a  birly  monoenergetic  hot-dectron  beam  into  the 
base.  After  their  traversal  through  the  base,  the  electrons 
surmount  another  thick  potentid  barrier.  This  barrier  pre¬ 
vents  the  equOibrium  electrons  that  reside  in  the  base  from 
entering  the  cdkctor.  Since  the  collector  current  is  only 
slightly  affected  by  the  shape  of  the  odlector  barrier  (if 
quantum  mechaniCTl  reflexions  ate  small),  the  current 
transfer  ratio  is  almost  independent  of  the  collector  voltage 
and  the  ootpnt  differential  resistanoe  can  be  large,  as  desired 
for  device  mipUcations. 

In  order  to  make  a  lateral  THETA  device,  two  narrow 
barriers  separated  by  a  thin  base  were  construxed  in  the 
|dane  of  aGaAs-Al(oGaoi7  As  sdectivdy  dt^ied  hxerojunc- 
tkm.  The  2DEG  had  a  carrix  density  of  n,a2.0xl0" 
cm~’  and  a  mobility /la  T.SxlO*  cm’/V  sat  4.2  K.  Utiliz¬ 
ing  nanolhhography  two  narrow  metal  gates,  each  about  50 
nm  long,  were  dqxisited  on  the  surface  of  the  hxerQlunction 
(length  is  the  diinension  along  the  current  path,  as  seen  in 
Hg.  D.bavariXytffdevicxtheemittxgateGf  wasmade 
0.25-1  fan  wide  and  the  cdlector  gate  Gc  was  nude  0.75-1 
/im  wide,  wkkr  than  the  emittx  gate  in  ordx  to  coUeX  all  of 
the  balUatic  dectrons.  The  three  regions  defined  by  the  two 
gates,  emitter  (£),  base  (thecentral  region  Jl),  and  collexor 
(O  were  contaxed  with  NiAuOe  alloyed  ohmic  contaxs. 
An  apiriication  of  a  suflSciently  negative  gate  voltage, 
Koe  (or  Vgc  )•  respeX  to  the  2DEG  deplxx  the  elec¬ 


trons  underneath  the  gate,  forming  thus  a  pxential  barrier 
for  the  eteXrons  residing  on  both  sides  of  the  gate.  Inducing 
two  potential  barriers,  with  the  two  gatx  shown  in  Fig.  1, 
enaUx  us  to  reproduce,  in  the  lateral  plane,  a  pxential  dis¬ 
tribution  similar  to  that  of  the  vertical  hx-dectron  device. 
Using  the  emittx  barrier  as  a  tunnel  injexx  produces  a  hx- 
dectron  distribution  —5  meV  skte.’  (Quantum  mechanical 
reflections  from  the  coUexx  barrix  are  negligible  because 
of  the  slow  change  (ff  the  coOeXx  barrix  potential.  Scattx- 
ing  events  in  the  base  are  expected  to  be  few  due  to  the  lowx 
dimensionality  ofthe  base*  and  the  absxix  of  nearby  impur- 
itix.  Note  that  the  tunneling  currents  through  the  wide  parts 
(ff  the  emittx  and  coUexx  gatx  (see  Fig.  1 )  can  be  ignored, 
thus  contaXing  the  2DEG  in  the  narrow  base  region  is  xtab- 
lished  by  contacting  the  remote,  external  parts  of  the  base. 

We  have  recently  reported  rxults  of  energy  spectrosco¬ 
py  experiments  made  on  a  lateral  THETA  device.  There  we 
found  the  transport  to  be  ballistic  with  ballistic  distributions 
3-5  meV  wide.’  In  symmxric  struxurx  where  the  width  of 
the  emittx  and  the  coUeXor  gatx  is  similx,  the  elexrons 
emxging  from  the  edgx  of  the  injector,  not  perpendicularly 


FIO.  I.  Scanning  electron  microKopy  micrograph  of  the  lateral  THETA 
device  and  a  Khematk  description  of  a  potential  distribution  for  a  negative¬ 
ly  biased  emitter  and  a  positively  biased  coilector. 
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no.  2.  OalpM  AKdMfac* 
Utitciei  of  the  laiml  dcviet 
in  a  eommoo  beee  ca«l|im> 
tion.  The  emitter  flic  width 
ie  0.25 /on,  the  oaOeetor  gate 
width  ii  0.75  iim,  and  bam 
length  ia  0.1 7  ^on. 


Collaclor  WDitaoa,  Vea  (mV) 


to  the  gates,  are  not  collected.  Indeed,  in  these  symmetric 
devices,  the  transfer  ratio  a  s /c //(.  where /c  and /x  are  the 
edketor  and  the  emitter  currents,  re^iecdvdy,  was  only  0.4 
at  4.2  K.^  To  alleviate  this  problem  a  device  with  emitter  and 
collect^' gate  widths  of  2M  and  750  nm,  respectively,  and  a 
base  length  of  170  nm,  was  made  (Rg.  1).  The  measured 
output  characteristics  in  a  common  base  configuration  are 
shown  in  Fig.  2,  demonstrating  a  transfer  ratio  a  as  0.9  over 
a  large  range  of  injected  currents  and  collector  voltages.  The 
balfodc  firaction  cX the  collected  current,  a«,  is  measured  at 
a  collector  to  base  voltage  where  the  collector  current 
If:  almost  saturates  (FcBa20mV).^  Using 
»exp  -~d,/JL  «  0.7,  where  dj  is  the  base  width,  we  find  a 
mfp,  A^4tO  nm.  The  true  mfp  is  longdr  since  some  of  the 
iiyected  electrons  emerging  firom  the  edges  arrive  at  the  col¬ 
lector  with  a  low  ruumal  energy  component  and  thus  are  not 
collected. 

The  solid  line  in  Fig.  3  shows  a  typical  dependence  of  a 
on  the  injection  energy  cFeb  for  fixed  emitter  and  collector 
barrier  heights.  The  existence  of  a  maximum  value  0^.  is 
characteristic  for  these  types  of  curves.  In  general  we  expect 
to  see  a  monotonic  increase  in  a  due  to  the  increasing  group 
velocity  of  the  ballistic  electrons  and  the  reductimi  of  scatter¬ 
ing  cross  sections  as  the  kinetic  energy  of  the  electrons  in¬ 
creases.  Also,  a  larger  fraction  of  the  ballistic  distribution 
will  surmount  the  collector  barrier.’  The  drop  in  a  observed 
at  higher  is  due  to  the  relative  increase  of  the  side-tun¬ 

neling  current.  This  can  be  seen  from  the  Wentzel- 
Kramers-Brillouin  expression  for  the  tuimeling  probability 
Z>aexp[  —  where  A  is  a  constant,  ^  is  the 


no.  3.  Vuution  of  the  tnnsfer  ntio  a  with  the  iiqected  voltage  (a  solid 
hne)  at  a  Axed  value  of  the  eminer  gate  voltage.  The  dashed  line  shows  the 
behavior  of  a.,,  (extracted  from  a  few  curves  of  a). 


emitter  barrier  height,  w  is  a  barrier  width,  and  F  is  die 
applied  injection  voltage.  From  here,  the  ratio  of  dm  tunnd- 
ing  probabilities  through  two  barriers  with  diflereat  widths 
to,  and  Wj  is  i>,(w,)/JD2(i02)  »exp{  -  d^'*(io,  -  w,)/ 
F],  explaining  dm  r^tive  increase  the  side  currents  and 

the  drop  in  a  beyond  a _ As  the  emitter  potendal  barrier 

increases,  the  si^  currents  become  substantial  only  at  high¬ 
er  values  of  injectitm  vtdtages,  moving  thus  a^.  to  higher 
Fu’s.  The  increasing  part  ol  the  transfer  ratio  curve  for  all 
emitter  barrier  heights,  di^tlayed  in  Fig.  3  (up  to  the  maxi¬ 
mum  on  the  solid  line)  however,  is  not  affect^  by  the  ude 
currents. 

Plotting  the  measured  for  different  emitter  barrier 
heights  versus  in  Fig.  3  (a  dashed  line)  recovers  the 
behavior  of  a  vs  ^EB  in  the  absence  of  any  side  tunneling  and 
at  approximately  the  same  injected  currents.  The  interesting 

feature  of  the  plot  is  the  maximum  reached  by  a ( >  0.98 ) 

at  energies  just  below  36  meV.  The  drop  in  a  for  injection 
energies  that  exceed  s36  meV  is  due  to  an  emission  of  a 
longitudinal  optical  (LO)  phonon  (already  observed  in  thin 
GaAs  layers’).  The  high  value  of  measured  here  for 
y^M  <  36  mV  suggests  that  LO-phonon  emission  is  the  domi¬ 
nant  relaxation  mechanism  of  hot  electrons  in  a  high-mobil¬ 
ity  2DEG. 

To  eliminate  side-tunneling  currents  altogether  we  have 
modified  the  injector  structure.  Two  gates,  each  65  nm  wide 
separated  by  — 6(X)  nm,  were  added  in  the  emitter  region  as 
shown  in  the  insert  of  Fig.  4(a).  Since  the  emitter  current  is 
now  confined  to  flow  between  these  nqpitively  biased  gates 
(with  voltage  F.x>  applied  relative  to  base)  without  reach¬ 
ing  the  emitter  gate  comers,  side-tunneling  currents  are  pre¬ 
vented.  Figure  4(a)  shows  the  behavior  of  a  for  different 
side-gate  potentials.  As  the  negative  side-gate  bias  increases 
up  to  —  0.55  V,  a  increases.  However,  for  a  1^  —  0.6  V  or 
greater  a  does  not  increase  anymore  indicating  the  elimina¬ 
tion  of  side  tuimeling.  A  more  sensitive  measuranent  of  this 
increase  can  be  obtained  by  measuring  the  current  gain 
P=a/{  1  —  o),  as  shown  in  Fig.  4(b).  At  F^c  =  —  0.55  V, 
^exhibits  pronounced  maxima  which  move  towards  higher 
values  of  ^EB  as  the  emitter  barrier  hdght  increases.  The 
drop  in  the  gain  for  higher  injection  voltages  is  somewhat 
surprising  since  side  currents  have  been  eliminated.  In  a  clos¬ 
er  look  we  find  that  the  gain  always  reaches  its  maximum 
when  the  injection  current  reaches  ai^roximately  100  nA, 
corresponding  to  a  current  density  of  — 3x  10’  A  cm"’  in 
the  2DEG.  This  is  found  to  be  the  case  for  all  emitter  barrier 

heights  and  for  all  values  of  a _ This  observation  might 

suggest  that  the  decrease  in  the  gain  is  related  to  the  current 
density  being  higher  than  some  critical  value.  Althou^  this 
phenomenon  is  not  yet  understood,  it  is  plausible  that  at  a 
sufficiently  high  current  density  charging  of  the  coUector 
barrier  region  becomes  important  leading  to  an  increase  in 
the  barrier  height  and  to  the  observed  reduction  in  the  gain. 

The  maximum  value  of  ^  is  found  to  be  as  high  as  lOS, 
corresponding  to  a  >  0.99.  This  is  the  highest  current  gain 
ever  reported  in  a  hot-electron  device.  The  large  value  of  the 
transfer  ratio  does  not  necessarily  imply  that  the  mfp  is  that 
long.  At  sufficiently  high  injection  voltage  the  electrons  are 
injected  at  energies  much  higher  than  the  collector  barrier 
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Our  side  gates  can  be  used  not  only  to  eliminate  side¬ 
tunneling  currente  but  also  to  narrow  the  width  of  the  emit¬ 
ter  channel  and  eventually  to  pinch  c^the  injector.  The  nar¬ 
rowing  o(  the  channel  should  result  in  increasing  of 
transverse  momentum  components  due  to  quantization 
effects.  This  eventually  sho^  lead  to  the  reductum  of  the 
current  gain.  We  indeed  observe  a  decrease  in  the  gain  when 
the  channel  is  narrowed  stdwtantially  (not  shown).  The 
maximum  current  gain  0  diOf»  by  a  factor  of  ~2.S  as  the 
side  gates  vcdtage  varies  from  —  0.S5  to  —  0.7  V. 

In  conclusion,  we  have  looked  in  some  detail  at  the  char¬ 
acteristics  of  a  lateral  bot-dectron  device  fabricated  on  the 
plane  of  a  high-mobility  2DEG.  The  high  mobility  of  the 
2DEG  enabled  a  long  mfjp  of  the  ballistic  hot  electrtms  below 
the  LO-phooon  energy.  Current  gains  greater  than  100  were 
measured.  The  possibility  to  tune  the  emitter  and  collector 
barrier  heights,  which  are  induced  by  submicron  metallic 
gates,  makes  the  device  extremely  powerful  for  studying  bal¬ 
listic  transport  and  relaxation  mechanisms  in  small  systems. 

We  thjmk  L.  Osterling  and  H.  Shtrikman  for  their  con¬ 
tribution  in  the  molecular  beam  epitaxy  growth,  and  P.  Solo¬ 
mon  and  U.  Sivan  for  useful  discussicms.  The  work  was  part¬ 
ly  supported  by  Defense  Advanced  Research  Projects 
Agency  and  administered  by  Office  Naval  Research  con¬ 
tract  No.  00014-87-C-0709. 


FIG.  4.  (a)  Effect  of  the  tide  gates  (imet),  biased  Koo  arith  respea  to  base, 
on  the  transfer  ratio.  (b)Thevatiatioaofthectincnt  gain  with  the  injection 
voltages  Fja  >'or  different  emitter  gate  voltages  in  the  absence  of  side-tun- 
nding  current. 

height  (which  is  about  20-30  meV  high).  Hence,  they  may 
lose  a  part  of  the  normal  energy  component  as  a  result  of 
inelastic  or  elastic  scattering  and  still  be  collected  by  the 
collector. 
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